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Abstract 
Measurements of physical parameters like pressure, temperature, flow rate, 
vibrations and displacement in harsh environment are often desired in the oil 
and gas industry. Pressure and temperature are the most important 
parameters among them. Changes in pressure and temperature have a major 
role in many downhole processes and they have enabled the performance of 
producing wells, water-injection profiles, fracture jobs, carbon dioxide (𝐶𝑂2) 
injection, and enhanced oil recovery to be successfully monitored over the 
years. However, measurements of these parameters were mostly carried out 
by logging tools that comprise several conventional electronic gauges. 
Temperature and pressure in deep and ultra-deep wells could reach beyond 
300 ℃ and 20000 𝑘𝑃𝑎. Fibre optic sensor developments have created new 
interest in oil and gas production monitoring and control. Fibre optic sensors 
currently deployed in the oil and gas industry can only operate up to 150 ℃  and 
even the most robust sensors are limited below 300 ℃. 
 
In this research, the effect of cross sensitivity on multi-parameter optical fibre 
sensor for oil and gas applications in harsh environments is studied and 
analysed. Mathematical models of the cross sensitivity function of fibre Bragg 
grating (FBG) and its physical mechanism has been developed. This analysis 
was based on the fact that FBG sensor was in the state in which temperature 
and pressure were simultaneously functioning on.  
 
The main objective of this research is to investigate the cross sensitivity effect 
of fibre optic sensing technology for oil and gas sensing applications by 
ix 
 
designing sensing structures and developing theoretical equations for the 
system model of the optical fibre sensor capable of addressing this issue.  
Different techniques have been proposed to tackle this cross sensitivity 
challenge. Firstly, the use of dual sensing structure that investigate and 
analysed the spectral characterization of a Fabry-Perot interferometer (FPI) 
sensor and the interaction with physical parameters. Preliminary results of this 
configuration are used to eliminate the issue of temperature-pressure cross-
sensitivity and effectively improve the resolution of the sensor system. 
Secondly, the concept of a metal coated hybrid sensing system is proposed. 
The theoretical design and analysis of a metal coated hybrid sensing system of 
FBG and Extrinsic Fabry-Perot Interferometer (EFPI) cavity for high pressure 
high temperature (HPHT) measurement in oil and gas applications is reported. 
The FBG and EFPI are used to measure temperature and pressure respectively. 
This configuration is able to solve the problem of cross sensitivity. Lastly, a 
novel thin-film fibre optic extrinsic FPI sensor with an ultra-high pressure and 
temperature sensitivities are analysed theoretically using 16-layer graphene 
film deposited on silicon carbide (SiC) substrate as the diaphragm. The 
performance parameters of the proposed sensor are investigated in terms of 
sensitivity at the operating wavelength of 1550 𝑛𝑚. It was observed in the 
numerical study that the sensitivity can be greatly increased by using 
multilayer graphene on SiC substrate. This sensor is expected to have potential 
for monitoring oil and gas applications in harsh environments. 
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Chapter 1  
1 Downhole monitoring of oil and gas 
production 
1.1 Introduction 
The recovery of oil from deep reservoirs is one of the major challenges facing 
the oil and gas industry as a result of limited availability of downhole 
information like temperature, pressure, flowrate etc. This information plays a 
major role in improving the performance (production) of the reservoir and well 
optimization. Fundamental understanding and knowledge of where 
hydrocarbons are located, the volume of the hydrocarbons in place and how to 
exploit and extract them cost effectively, with enhanced operational efficiency, 
improved safety and security are necessary requirements for the oil and gas 
industry. Over the last decade, companies have invested large amount of 
capital in sensors for oil and gas production. However, they are still seeking 
new approaches to maximizing their reservoir production given the current 
global oil market downturn and thus realise the return on investment for their 
developed sensors. Measurements of physical parameters like temperature and 
pressure provide important resources for most downhole processes and have 
enabled monitoring of the performance of producing wells, water injection 
profiles and enhanced oil recovery.  
The measurements of these physical parameters have been done using 
conventional electronic gauges. The recovery becomes more and more 
challenging and difficult as exploration and production operations seek new 
frontiers into deep and ultra-deep environments with approximately up to 
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3000 𝑚 of water depth. These gauges tend to fail under high pressure high 
temperature (HPHT) environments. 
Fibre optic sensors have been developed and have been applied to a wide range 
of industrial and commercial applications. The ability of fibre optic sensors to 
accurately measure large numbers of physical parameters in harsh conditions 
in a distributed framework has enabled tremendous success in sensing and 
monitoring in other industries like power, aerospace, and telecommunications 
and has now started to be deployed in the oil and gas industry. Moreover, with 
the fibre being able to serve as the sensing probe and the communication 
channel along with other features (immune to electromagnetic interference, 
small size, intrinsically safe) make them particularly well suited for applications 
within the oil and gas industry. However, fibre optic sensors can only measure 
temperature up to 150 ℃ [1]. There is no industry defined standard for 
downhole monitoring of pressure and temperature in the oil and gas industry. 
Typical downhole monitoring systems should measure pressure ranges up to 
20,000 𝑘𝑃𝑎, temperature range up to 300 ℃ with high accuracy and high 
resolution of 0.03% and 0.005% of full scale respectively [1].  
1.2 Motivation 
Downhole monitoring has been in existence as far back as 1960 [2] when 
electronic gauges were the only available devices for measuring downhole 
information such as temperature, pressure, flowrate etc. As the demand for 
exploration of oil and gas increases, the oil and gas industry is extending the 
operating limit of the current conventional sensing capability to achieve 
improved reliability, better efficiency and longer life span. However, the 
extreme harsh environment of the reservoir, consisting of strong 
electromagnetic interference (EMI), HPHT and a highly corrosive chemical 
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environment lead to extremely severe requirements on the conventional 
electronic sensing system used in downhole monitoring. Thus, conventional 
electronic sensing systems, usually fail to meet the demand [3].  
 
Electronic systems have been installed and tested in various oilfields [4, 5]. 
The major challenge of these electronic sensors is that they become extremely 
unreliable when deployed in HPHT environments [6]. A previous study has 
shown the application of permanent downhole temperature and pressure 
gauges in the reservoir management of two complex North Sea oilfields, 40 
quartz and quartz capacitance gauges were installed in areas with downhole 
temperatures of 70 °𝐶 to 130 °𝐶. Of these 40 installations, 17  failed in the first 
two years [5].  
 
Optical fibre sensors have been developed and they have many advantages 
over the conventional electronic sensors due to their small size, immunity to 
EMI, robustness and chemical inertness. They are also intrinsically safe (they 
do not cause explosion) making them applicable in harsh environments since 
they do not make use of electrical signals. The two major types of optical fibre 
sensors are the fibre Bragg grating (FBG) and the Fabry-Perot interferometer 
(FPI) fibre sensors. The FBG sensor has the ability to multiplex multiple arrays 
of fibre sensors into a single fibre which is capable of measuring different 
parameters such as temperature, strain, pressure, humidity and flowrate [3]. 
However, the major challenge of FBG sensor is the issue of cross sensitivity. 
This is the fact that FBG is simultaneously sensitive to both temperature and 
pressure. The reflectance spectrum of an FBG responds to both temperature 
and pressure changes which in turn affects the accuracy of the sensor.  
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1.3 Fibre optic sensors  
The field of fibre optic sensing has been growing for the past 30 years since it 
was first developed in 1971 [7-9]. The applications of fibre optic sensors are 
increasing widely in a variety of different fields, mainly due to their immunity 
to electromagnetic interference, high sensitivity, good resolution, large 
dynamic range, multiplexing capabilities, remote signal processing ability, 
electrically passive nature, ability to withstand harsh environments, 
intrinsically safe nature, small size and light weight. As a result of these 
advantages, numerous fibre optic sensing technologies have been developed 
over the years in a wide variety of applications. The applications and principles 
are extremely diversified with various mechanisms for measurements of 
physical parameters like pressure, temperature, flow rate, vibration and 
displacement, strain, electromagnetic field and chemicals using optical fibres. 
They are becoming very attractive for biomedical sensing, structural health 
monitoring, military and defence, power, telecommunications and aerospace in 
recent years.  
 
The material properties of optical fibres play a very important role in their 
advantages over conventional electronic sensors. The single mode fibre is the 
most widely used optical fibre in sensing and it operates within the 1310 𝑛𝑚 to 
1550 𝑛𝑚 range [10]. The fibre properties like the low attenuation exhibited 
within this range (< 0.35 𝑑𝐵/𝑘𝑚 @1310 𝑛𝑚 and < 0.22 𝑑𝐵/𝑘𝑚 @1550 𝑛𝑚) enables 
data to be transmitted from the sensing region to the interrogation instrument 
without any significant loss of key information across long distances [11]. Also 
optical fibres have good material strength and do not easily break. However, 
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the material strength reduces when subject to large tension stress. The use of 
protective coating strengthens the fibre and maintains long term reliability of 
the fibre.  
Fibre optic sensors have been extensively researched for oil and gas 
applications [12]. The areas of applications include downhole production 
monitoring, seismic sensing, downstream process monitoring, structural health 
and pipeline monitoring in the field of exploration, production and products 
distribution. Despite the many advantages of fibre optic sensors, they have not 
been extensively commercialised owing to the more developed and established 
conventional sensors. Therefore, a successful fibre optic sensor must offer 
compelling advantages that the conventional sensor cannot match.  
 
This work focuses on designing sensing structures and developing theoretical 
models of the optical fibre sensors in oil and gas industry. The basic idea is to 
use a single mode fibre to develop a multifunctional sensing system capable of 
measuring temperature and pressure reliably and accurately. Some of the fibre 
optic sensors that have been demonstrated in the oil and gas industry employ 
the distributed temperature sensing (DTS) [13] for temperature profiling,  FBG 
[14] based sensing for multi parameters measurement and Fabry-Perot (FP) 
[9, 15, 16] sensing for point based sensing. 
1.3.1 Distributed temperature sensing (DTS) 
Detecting temperature change has a major role in understanding and 
monitoring many downhole processes and temperature measurements have 
enabled monitoring of the performance of producing wells, water-injection 
profiles, etc over the years. However, measurements of temperature were 
mostly carried out by wireline logging tools that comprise several electronic 
6 
 
gauges. Fibre optic sensor developments have created new interest in 
temperature measurements for oil and gas production. Fibre optic technology 
used in measuring temperature is known as the Distributed Temperature 
Sensing (DTS), which measures temperature by means of fibre optic cable that 
provides a continuous profile of temperature along the fibre which is based on 
the detection of backscattering light using the Raman [17], Rayleigh [18] and 
Brillouin [19] principles as shown in Figure 1.1 
 
 
Figure 1.1 DTS based on Raman stoke and anti-stoke backscattering [20] 
 
The back-scattered light contains three spectral components, the Rayleigh 
scattering with wavelength of laser source, the Stokes component with the 
higher wavelength in which the photons are generated, and the Anti-Stokes 
components with a lower wavelength. The intensity of the Anti-Stokes band is 
temperature dependent, while the Stokes band is temperature insensitive. 
The ratio of the Anti-Stokes and the Stokes light intensities provides the local 
temperature measurement [20] 
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DTS has the capability of measuring temperature along the entire fibre length 
(multiple points) simultaneously, compared to other traditional methods that 
measure temperature on a point-by-point basis. Several works on DTS have 
been reported [13, 17]. The DTS was the first commercially successful 
monitoring optical technology deployed in the oil and gas industry [21]. DTS 
has since been used in operating and development fields and in 2000, DTS data 
was successfully used in identifying formation damage in a production field 
[22]. The DTS data was used to locate and monitor steam breakthrough zones 
in steam flooding projects [23]. Also, numerical methods for estimating the 
flowrate profile from temperature profile using DTS has been reported [24]. It 
was discovered that the DTS data can be used to estimate the production profile 
for a single phase flow. However, for horizontal or multiphase flow, additional 
information will be needed to measure flowrate by means of DTS. It was later 
reported on how DTS was successfully used in estimating production flowrate 
even after gas breakthrough that involved multiphase flow [25]. Other area 
where the DTS has been successfully implemented is in pipeline leak detection 
and asset integrity [26]. 
1.3.2 Fibre Bragg grating (FBG) 
The FBG is an important sensing element for measuring multi-parameter 
measurands such as strain, temperature, pressure and flow and has been 
extensively studied over the past 20 years [14]. The FBG has its origin from 
the discovery of the photosensitivity of germanium-doped silica fibre and was 
first demonstrated by Hill et al at the Canadian Communications Research 
Centre (CRC), Ottawa, Ontario in 1978 [27, 28]. They used a germanium-
doped silica fibre that has its light source from the radiation of ion laser of 
argon and after some few minutes, they observed that an increase in the 
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intensity of the reflected light with the exposure time until total reflection 
occurred. It was later confirmed that a narrowband Bragg grating filter was 
formed over the entire 1 𝑚  length of fibre. Their success subsequently resulted 
into the research of germanium-doped silica fibre properties. In 1989, Meltz et 
al [29] further demonstrated that a permanent refractive index change 
occurred when a germanium-doped fibre is exposed to direct ultraviolet (UV) 
light.  
Initially, the photo-induced reflectivity observation was more of scientific 
interest, but it later become the foundation for a technology which now has 
broad role in sensor systems and optical communications. Research and 
development underlying the mechanism of fibre grating and its numerous 
applications is still ongoing. FBGs are now commercially available and have 
found major applications in structural health monitoring and state of the art 
telecommunications networks. Extensive review of literature was carried out to 
understand the underlying mechanism and characterization of the FBG. 
 
The FBG mechanism occurs when the periodic perturbation of the refractive 
index along the fibre optic length is formed by exposing the core of the fibre to 
a periodic pattern of intense ultraviolet (UV) light. This exposure induces a 
permanent change to the refractive index of the core of the fibre optic cable. A 
small amount of incident light is reflected at each periodic refractive index 
change when it is in phase with the grating period while others are transmitted 
to the other end as they are not in phase with the grating period as shown in 
Figure 1.2. The entire reflected light waves are combined into one large 
reflection at a particular wavelength where the strongest mode coupling occurs. 
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This is known as the Bragg condition and the wavelength at which this occurs 
is called the Bragg wavelength [13]. 
 
Figure 1.2 Schematic of FBG technology and basic operating principle [19] 
 
 
The Bragg wavelength 𝜆𝐵 is given by [14]  
 
𝜆𝐵 = 2𝑛𝑒𝑓𝑓𝛬   
 
where 𝑛𝑒𝑓𝑓 is the effective refractive index of the fibre for optical mode 
propagation along the fibre and 𝛬 is the grating period. This shows that the 
Bragg wavelength is dependent on the refractive index and the grating period, 
so any changes on the physical structure on either of them will cause a shift of 
the Bragg grating wavelength. This means that such a device can be used as 
sensor. FBG based sensors have a distinctive advantage over the electronic 
systems and other optic fibre configurations due to its multiplexing capability 
that allows a single fibre optic cable with tens of gratings to measure a large 
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range of parameters. This research on FBG for real time monitoring and control 
of oil and gas production will involve the area of simulation of FBG and its 
theoretical and experimental validations. The simulation of the effect of 
external perturbations on shift in wavelength of FBG using wideband light 
source also needs to be investigated for the design of FBG sensor systems. 
Multi parameter measurements using FBG have been reported [30, 31], where 
strain and temperature perturbations are acting on the Bragg gratings 
simultaneously. One challenge in FBG is the problem of cross sensitivity; when 
the sensor is simultaneously sensitive to both strain and temperature [32]. The 
cross sensitivity is not only affected by the external parameters such as 
temperature and pressure, but also by the properties of the fibre materials. 
The cross sensitivity effect of an FBG sensor in most oil and gas applications is 
crucial and should be minimized so that decoupling of temperature and 
pressure measurement is simplified sensor interrogation. 
To overcome these limitations, this research will also look into the possible 
methods of discriminating between these parameters. Detailed study into the 
properties and principle of FBG characterization is presented in chapter 3. 
1.3.3 Fabry-Perot interferometer (FPI) 
There is increasing interest in utilizing miniature fibre optic sensors for  
pressure/temperature monitoring  due  to  their  advantages  over  conventional  
sensors,  such  as  immunity  to  electromagnetic  interference,  high  
resolution,  fast  response,  and compact size [1]. The pressure sensors that 
are based on the  Fabry–Perot  interferometer (FPI)  have  shown  promising  
results  for  obtaining  static  and  dynamic  pressure  measurements [33, 34].  
The  FPI  sensor  is  typically  constructed  directly  on  a  fibre  end-face  and  
consists  of  a  cleaved  optical  fibre  and  a  pressure/acoustic-sensitive  
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diaphragm  known  as  an  extrinsic Fabry–Perot interferometric (EFPI) sensor 
structure. The  pressure  sensitivity  of  the  diaphragm  in  the  FPI  sensor  is  
defined  as  the  ratio  of  the  FPI  cavity’s  length  variation  to  the pressure 
[35]. The key elements that determine the pressure sensitivity of the FPI 
sensor are the materials used and the thickness of the diaphragm. In this work, 
FPI pressure sensors with different types of materials as a pressure-sensitive 
diaphragm, including copper metal and nickel metal, silicon carbide and 
graphene membrane are investigated.  
 
1.4 Sensor requirements for pressure and temperature 
measurements in the oil and gas industry 
The fibre optic sensor needed in the oil and gas industry for downhole 
monitoring must satisfy the following requirements: 
1. High pressure (15000 –  20000 𝑘𝑃𝑎) and temperature (500 ℃) measuring 
capabilities. 
2. Reliability 
3. Good thermal strength  
4. Good resistance to chemical corrosion 
The material selection is very important in sensor design and development 
since the limitations and capabilities of fibre optic sensors are mostly dependent 
on the materials they are made with. Various fibre optic sensor materials have 
been developed, they include fused-silica, polymers, silver, glasses, and 
crystals. The material selection for this research was based on two main 
criteria: firstly, the material for the sensor design should have the capability to 
withstand harsh environments and still maintain reasonably good mechanical 
and optical properties; secondly, the materials selected for the sensor design 
have similar thermal properties. Since sensing systems developed and 
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constructed out of similar or uniform materials have good reliability, stability 
and survivability when used in high temperature and high pressure 
applications, than those made of different materials that mostly suffer from 
thermal expansion mismatch. Based on these, fused-silica, silicon carbide (𝑆𝑖𝐶), 
for the material of choice for the sensor diaphragm, copper (𝐶𝑢) and nickel (𝑁𝑖) 
are the selected materials for the sensor design in this project. To achieve a 
miniaturised optimised sensor, graphene was selected for ultra-thin sensor 
design capable of meeting both criteria listed above.    
The selected materials have good thermal, mechanical and optical properties 
when used in HPHT applications. This work started with fused-silica based fibre 
optic sensor, then progressed to aluminium and SiC diaphragm based sensors. 
With these initial efforts, there is need to design the sensor structure capable 
of withstanding HPHT environments.  
HPHT sensing systems are highly desirable in the oil and gas industry such as 
downhole monitoring and subsea underwater structure monitoring. In 
downhole monitoring, a fibre optic sensor system would greatly help to detect 
any abnormal surge in pressure and temperature and which in turn improve 
the performance and efficiency. However, downhole temperature and pressure 
can reach as high as 500 ℃ and 15000 − 20000 𝑘𝑃𝑎 respectively. These extreme 
harsh environments pose huge challenges to the current fibre optic sensing 
technology which could affect the design, material or coating of the sensor. 
Conventional electronic sensors and current fibre optic sensors are usually 
limited to 150 ℃ and would fail as oil and gas production gets into the phase of 
extremely harsh environments. Different materials for sensing HPHT 
environments have been explored to develop temperature and pressure 
sensors, including SiC , sapphire fibre [36, 37], ceramic [38] and diamond [39]. 
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However, almost all of these are diaphragm based design and have employed 
either capacitive or piezoelectric detection. 
 
1.5 Aim and objectives 
One of the focuses of fibre optic sensing for oil and gas applications for HPHT 
environments is pressure and temperature sensing. The FBG sensor has been 
extensively used in fibre sensor applications owing to its compactness in 
structure, simplicity in fabrication and wavelength coding in measurements. 
However, in temperature and pressure sensor applications, it is difficult to 
distinguish between temperature and pressure effects, as the FBG is sensitive 
to both.  
The main aim of this research is to design and analyse optical sensing systems 
capable of addressing the cross sensitivity problem that may exist in FBG for 
high pressure high temperature measurements 
To achieve this aim, a few objectives have been identified that need to be 
met. They are outlined below: 
1. Sensitivity and cross-sensitivity analysis of FBG based sensor for 
temperature and pressure measurements. 
2. Design and development of a sensor head comprising the use of 
FBG and EFPI for simultaneous measurement of temperature and 
pressure in permanent downhole monitoring of oil and gas wells.  
3. Analysis of the spectral characterization of the multiplexed FBG 
and EFPI and the proposed mechanism for separating the FBG 
response from the EFPI.  
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4. Establishing a de-multiplexing mathematical model for the FBG 
and EFPI multiplexed sensor for temperature and pressure 
measurements respectively.  
5. The theoretical design and analysis of a double metal coated 
sensing system of FBG and EFPI cavity for HPHT measurement in 
harsh environments. 
6. The theoretical design and analysis of a novel ultra-thin pressure 
and temperature sensor based on graphene diaphragm and FBG. 
 
1.6 Thesis organization 
In spite of the great progress recently being made with fibre optic sensor 
technology, there are still many challenges yet unsolved. The oil and gas 
industry are very slow in adopting this technology. The goal of this thesis is to 
carry out the design and analysis of sensing systems to tackle the problem of 
cross sensitivity of FBG in HPHT measurements for oil and gas applications. The 
concept was based on the fact that the interaction of the physical parameters 
and light wave properties pose a serious cross sensitivity challenge on the 
reliability of FBG sensor. A review of the principles of operation of conventional 
pressure and temperature sensors is presented in chapter 2 in order to 
ascertain that the current solutions available in the industry are not sufficient 
in meeting the goal of this research. The introduction and review of optical fibre 
sensor as an alternative for measuring such parameters are also presented. 
Wavelength, intensity, interferometric and polarization modulation based 
sensing are described. Lastly the sensing principles of FBG for temperature, 
strain and pressure are detailed. These provide different design and 
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measurement techniques from which the most practical ones are considered 
for the solution of addressing the cross sensitivity problem. 
On selecting the most suitable optical fibre based sensor in order for the 
measurement requirements to be met, numerical analysis of the FBG sensor 
when subject to external perturbations is detailed in chapter 3. Modelling, 
simulation and characterization of the Bragg grating which are based on solving 
the coupled-mode theory (CMT) equation by using the transfer matrix method 
are carried out. The effect of spectral reflectivity dependence on the grating 
length and refractive index are analysed and investigated. The effect of 
bandwidth dependence on the grating length and refractive index is also 
investigated and the simulation results are presented in section 3.3. Finally in 
chapter 3, the theoretical models of the cross sensitivity function of FBG and 
its physical mechanism is developed and analysed. This analysis is based on 
the fact that FBG sensor is in the state in which the strain, temperature and 
pressure are simultaneously functioning on. Based on the interaction of the 
physical parameters of the sensor and light wave properties, this poses a 
serious cross sensitivity challenge on the reliability of the FBG sensor.  
 
To overcome this limitation and minimise the effect of cross sensitivity in FBG 
sensor, a multiplexed FBG/EFPI sensor for simultaneous measurement of 
temperature and pressure is designed in chapter 4. Analysis of the spectral 
characterizations (basic sensor system configuration, finesse, fringe visibility, 
sensor mechanical analysis which includes diaphragm deflection, frequency 
response and stress distribution) are presented and a de-multiplexing 
mathematical model for the multiplexed sensor is also carried out. 
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A technique for protecting the optical fibre sensor when exposed to HPHT 
environments while still having the capacity to minimise the effect of cross 
sensitivity of the sensor is investigated in chapter 5. The variation of the optical 
and structural properties is detailed. The optical analysis is carried out to obtain 
the spectral response of the sensor while the structural analysis is used to 
obtain the change in optical properties of the sensor due to photo-elastic effect. 
After reviewing the theoretical analysis and the limitation of the technique 
presented in chapter 5, a novel ultra-thin sensing configuration with graphene 
diaphragm deposited in SiC substrate is presented in chapter 6. 
Finally, chapter 7 summarizes the thesis and provides conclusions based on the 
research carried out. Further work based on this thesis is also suggested in this 
chapter.  
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Chapter 2 
2 Review of Optical Fibre Sensing Technology 
2.1 Introduction 
 
As stated in Chapter 1, the main focus of this work is to design and analyse 
optical sensing systems capable of addressing the cross sensitivity problem 
that may exist in FBG for high pressure high temperature measurements, 
specifically for oil and gas applications. The objectives are designing sensing 
structures and developing theoretical models for the optical fibre sensor 
satisfying the requirements of the sensor interrogation differentiation of 
temperature and pressure measurements. In this chapter, an overview of the 
principles of operation of conventional pressure and temperature sensors is 
presented. The introduction and review of the optical fibre sensor as an 
alternative for measuring these parameters are presented. Fibre Bragg grating 
and Fabry-Perot interferometric sensors are reviewed focusing on their 
applications as temperature and pressure sensors respectively.  
 
2.2 Conventional sensing technology 
Generally, both temperature and pressure measurements can be achieved by 
determining the effect they may have on the sensing element in terms of the 
temperature and strain applied to this particular element. The actual 
temperature and pressure are then determined, and this is the general principle 
on which many conventional sensors are based on. In practice, every 
measurement involves the use of certain calibrated transducers to convert 
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measurable quantity into an actual value. Electric pressure sensors for 
example, make use of piezo-resistive materials as the sensing element. The 
piezo-resistive element is the calibrated transducer that converts the applied 
strain into an electric signal which then allows the pressure to be determined. 
When the piezo-resistive material is embedded onto a sensing element like a 
diaphragm, any strain in the diaphragm will result to a change in the material 
resistance which can then be measured electronically. Measurement of 
temperature involves the use of transducers to convert change in temperature 
into other measurable physical quantities, such as resistance (resistance 
temperature detector or RTD), electromotive force (thermocouple), 
displacement (bimetallic thermometer), volume expansion (liquid filled 
thermometer), and some other characteristics of materials that vary with 
temperature [1]. 
 
There are three types of pressure sensing elements; they are bellows, 
diaphragm and Bourdon tube (Figure 2.1).  
The bellows based sensing element has many convolutions or folds, formed by 
several thin walled tubes that has one end sealed. The bellows is subject to a 
mechanical displacement when pressure is applied. This has a similar concept 
as that of the diaphragm membrane.  
The diaphragm sensing element is a circular membrane that is attached or 
fabricated to the end of a fixed surface. The diaphragm will deflect when 
pressure or any form of mechanical strain is applied leading to a mechanical 
displacement of the membrane.  
The Bourdon tube has a eccentric cross-section and the tube is generally bent 
into a C-shape or arc length of about 27 degrees. The other end or free end of 
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the device is sealed by a tip. It works based on the principle that the closed 
end straightens out when any mechanical strain or pressure is applied which 
results in an accurate displacement. Figure 2.1 shows the various pressure 
sensing elements which convert measured pressure to a mechanical 
displacement.  
 
 
Figure 2.1 Pressure sensing elements which convert applied pressure to 
mechanical displacement 
 
From Figure 2.1, once the applied pressure is converted to a mechanical 
displacement, there is a need to convert the mechanical displacement into an 
actual pressure value. There are two basic ways of achieving this actual 
pressure value. First, through the conversion of the mechanical displacement 
into an electrical signal and secondly by reading out the mechanical 
displacement directly through the pointer. The conversion of the mechanical 
displacement is usually done by a displacement sensor that changes the 
electrical parameters like capacitance, resistance or magnetic properties.  
 
The displacement sensor is a capacitive sensor based on placing a pair of 
parallel plate capacitors side by side separated by a diaphragm that moves as 
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a result of the applied pressure. When pressure is applied to the sensor, the 
diaphragm deflects, therefore changing the spacing between the parallel plate 
capacitors. This results into the applied pressure being measured. 
Another kind of electrical sensor is the piezoelectric sensor that generates an 
electric signal when strain is applied to a crystalline structure called quartz. 
Quartz sensors are the most common conventional sensors used in the oils and 
gas industry due to their high elastic modulus, high natural frequency, good 
linearity and low hysteresis. The various common conventional sensing 
mechanisms currently being deployed include resistive, capacitive, resonant 
etc. 
2.2.1 Piezo-resistive sensor 
The piezo-resistive sensor measures pressure by applying the piezo-resistive 
effect principle on a bonded diaphragm that serves as a strain gauge. The 
piezo-resistive effect is the change in resistivity of a material due to applied 
mechanical stress or strain. The piezo-resistive effect is present in various 
metal and semiconductor materials like germanium, silicon, polysilicon, 
silicon-carbide etc. The piezo-resistive effect is much larger than the 
geometrical effect in metals and semiconductors. Piezo-resistive sensors have 
high linearity, very good sensitivity and the output signals are very easy to 
retrieve. However, they suffer from thermal mismatch between the substrate 
and the chip which can cause large offset voltage. They also suffer surface 
contamination and susceptible to junction leakage.  
2.2.2 Piezo-electric sensor 
The piezo-electric sensor measures pressure by applying the piezo-electric 
effect principle which convert it to an electric potential. The piezo-electric 
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sensor is made up of piezo-electric ceramics and single crystal materials. The 
principle is based on the deformation of these materials when there is an 
applied pressure. The piezo-electric effect has a dynamic property that only 
generate an output when the input is changing. This limit the capability of the 
piezo-electric sensor since it can only carryout dynamic measurements. 
2.2.3 Capacitive sensor 
The capacitive sensor measures pressure based on the change of the 
capacitance of a capacitor when an external pressure is applied. A thin 
diaphragm serves as an electrode of the capacitor. The diaphragm has a cavity 
with a reference pressure on one side and the pressure is applied on the other 
side. As the external pressure is applied, there is a deflection on the diaphragm 
which cause a change in the distance between both electrodes effecting the 
capacitance change. The change can be in small linear range which will in turn 
requires amplifier and converter electronics to convert the small capacitance 
change to readable voltage or current output. 
The major challenge of these electronic sensors is that they become extremely 
unreliable when deployed in harsh environments [2]. The extreme harsh 
environment of the reservoir, consists of strong EMI, high temperature, high 
pressure and a highly corrosive chemical environment put high requirements 
on the conventional electronic sensing system used in downhole monitoring. 
As such, conventional electronic sensing systems, usually fail to meet the 
demand. Fibre optic sensors have been developed and demonstrated to have 
the capabilities to solve these challenges and they have become commercially 
available to the oil and gas industry. However, the fibre optic sensors currently 
deployed in the oil and gas industry can only operate up to 150 ℃  and even the 
most robust sensors are limited below 300 ℃. Therefore, the aim of this 
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research is to push the limit of fibre optic sensing technology for oil and gas 
sensing applications by designing a sensing structure and develop theoretical 
equations for the system model of the optical fibre sensor satisfying the 
requirements of the signal processing capabilities.  
 
2.3 Fibre optic sensing technology 
Fibre optic based sensing technology has several inherent advantages which 
makes them very attractive for a wide range of industrial sensing applications. 
In recent years, the recovery of hydrocarbons is becoming more and more 
difficult and challenging as exploration and production operations tend to seek 
new frontiers into deep and ultra-deep harsh environments with approximately 
up to 3000 𝑘𝑚 of water depth [3-6]. As the energy demand continues to rise, 
there is an urgent need for efficient management and optimization for 
production operations and systems to make this growing energy demand 
sustainable 
The optical fibre is typically made of a cylindrical waveguide that consist of a 
thin core with refractive index covered by a cladding layer with a refractive 
index usually lower than that of the core for a single mode fibre. Optical fibres 
include single mode and multi-mode types. The schematic of a typical optical 
fibre is shown in Figure 2.2. 
          
Figure 2.2 Schematic of a typical optical fibre showing propagation through 
internal reflection of incident light 
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A single mode fibre is made up of the core and cladding layers which are usually 
from fused silica. Light is propagated through the core of the fibre by total 
internal reflection (Snell’s law) [3] and to achieve high refractive index, the 
core of the fibre is usually doped with germanium. To allow for the light energy 
to be maintained within the core, the refractive index of the core must be 
greater than that of the cladding.  
Based on Snell’s law, the total internal reflection occurs when light touches the 
interface between the core and the cladding at an angle greater than the critical 
angle described as [3]; 
 
𝜃𝑐 = sin
−1 (
𝑛𝑐𝑙𝑎𝑑𝑑𝑖𝑛𝑔
𝑛𝑐𝑜𝑟𝑒
)                                                                               (2.1) 
 
where  𝑛𝑐𝑙𝑎𝑑𝑑𝑖𝑛𝑔 is the refractive index of the cladding and 𝑛𝑐𝑜𝑟𝑒 is the refractive 
index of the core. 
The schematic in Figure 2.2 shows that the incident ray at the waveguide 
boundary at an angle equal to or greater than the critical angle 𝜃𝑐  will 
experience total internal reflection.  
From the basic principle of light propagation through an optical fibre, the light 
propagation changes when subjected to varying environmental conditions such 
as temperature and strain. By analysing the changes of the light properties 
through the fibre, the environmental conditions themselves can be determined.  
Light propagated through an optical fibre can be characterized by parameters 
such as intensity, phase, wavelength and polarisation. The detection of the 
changes of these parameters as the optical fibre interact with external 
perturbations can lead to the design of optical sensors capable of measuring 
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variety of physical parameters. As a result, fibre optic sensors can be 
categorised into; intensity measurement, phase (interferometric) 
measurement, spectral (wavelength) and polarisation modulated fibre optic 
sensors based on the physical quantity they measure and their effect on the 
electric field of the optical signal. Extensive research into the advancement of 
optical fibre technology for variety of applications have been ongoing for the 
past 30 years which have laid the technical background for the various 
categories and their applications are expanding rapidly. Fibre optic sensors for 
high pressure and high temperature measurement are theoretically analysed 
and designed which are relevance for this research.  
Fibre optic sensors offer numerous advantages over their conventional 
counterparts such as immunity to EMI, operating in harsh environments, 
multiplexing capability, small size and light weight.  
Fibre optic sensors are further divided into two subcategories; intrinsic and 
extrinsic sensors. For intrinsic sensors, the light is confined within the optical 
fibre in which the physical quantity acts on. The performance of intrinsic 
sensors are largely dependent on the fibre materials. While for extrinsic 
sensors, the light exits the fibre, gets modulated by the external perturbation 
like pressure or temperature and is propagated back into the fibre. The 
performance in this case, is largely independent of the fibre material but more 
dependent on the sensing element.  
Propagation of light through the fibre is usually used to determine 
measurement information by intensity, interferometer, spectral 
characterisation and polarisation. In the following sections, the operation 
principles based on the various techniques stated above are reviewed and the 
most promising is further investigated and analysed.  
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2.3.1 Wavelength modulation based sensing 
Wavelength modulation based optical sensing measures physical parameters 
by detecting a change in wavelength when the optical fibre interacts with the 
measurand. The most common type of wavelength modulated optical sensing 
is  fibre grating sensing which is produced when the core of the fibre is exposed 
to an intense UV laser light that was first discovered in 1978 by Hill [7]. FBG 
sensors and long periodic grating sensors have since been developed based on 
this technique and have found many applications in measuring temperature, 
pressure and strain [8]. FBG sensors were developed to measure hydrostatic 
pressure with a typical resolution of 0.005% full scale by specially coating the 
grating region with different materials [9, 10]. The multiplexing capability and 
the zero optical power loss of the fibre grating based sensors have led to more 
research in this technology. However, the long term stability and reliability of 
this technology has been a major challenge due to the degradation of its 
mechanical strength and optical properties when exposed to harsh environment 
[11]. Also, despite the many opportunities these sensors have of replacing the 
conventional electronic sensors over other technologies, many concerns still 
exist. The issue of cross sensitivity limits the scale of this technology when 
used in harsh environments. For fibre grating based sensors to be used in real 
applications, these issues and challenges must have to be minimised. Chapter 
3 of this work extensively studies the issue of cross sensitivity and how it can 
be minimised.  
2.3.2 Intensity modulation based sensing  
Intensity modulation sensing measures physical quantities based on the 
principle of direct detection of the change in optical power in either reflection 
or transmission. They are inherently simple devices where light from an optical 
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source is propagated through the fibre and the intensity is altered at the 
transducer which is then returned to an optical detector. The light intensity 
detected by the detector is a function of the physical quantity measured. There 
are three different classes of intensity modulation based sensing as shown in 
Figure 2.3. They are transmission intensity, reflection intensity and micro 
bending intensity [9]. 
Intensity modulated based sensors made with multimode fibre optic micro-
bend have successfully been commercialized. It is based on the operating 
principle in which the mechanical periodic micro-bend coupled the energy of 
both the radiation and guided modes thereby resulting in the attenuation of the 
transmitted light. Sensor configuration can be design and constructed in such 
a way that the mechanical micro-bending device transfer the applied 
perturbation to the optical intensity change. The micro-bend modulated 
sensors have been reported to have good performance characteristic like good 
resolution, however, the fluctuation of the light source and large hysteresis 
posed limit to their accuracy [12]. Moreover, the large size of the micro-
bending device makes it very difficult to be applied in many sensing 
applications.  
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Figure 2.3 Intensity modulated based sensing class; (a) Transmission 
intensity (b) Reflection intensity (c) micro-bending intensity type 
2.3.3 Interferometric modulation based sensing 
Phase modulated sensing uses the interferometric mechanisms such as the 
Mach-Zehnder, Michelson, Sagnac and Fabry-Perot to measure physical 
parameters see Figure 2.4. It works based on the principle of constructive 
interference by observing the change in interference between two light beams. 
The interferometric modulation based sensing has become a very useful tool 
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for high precision sensing, optical spectrum analysis, construction of lasers and 
optical wavelength filtering [13]. This sensing technique uses the interference 
between two parallel beams propagated through different optical paths or fibre. 
It relies on the change in the cavity length of one of the interference arms. The 
cavity length change can be as a result of either the refractive index change or 
the change in fibre length. The different types of interferometric based sensing 
have slightly varying sensing mechanism. 
 
Figure 2.4 Phase modulated sensing uses the interferometric techniques (a) 
Fabry-Perot interferometer (b) Michelson interferometer (c) Mach-Zehnder 
interferometer and (d) Sagnac interferometer 
 
The Fabry-Perot interferometer is generally designed to measure physical 
parameters through a formation of a cavity having two parallel reflective 
surfaces. When light is propagated through the Fabry-Perot cavity, multiple 
interference of light is formed caused by the multiple reflections between the 
two reflective surfaces. The Fabry-Perot interferometer is subdivided into two 
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categories, intrinsic Fabry-Perot interferometer (IFPI) and extrinsic Fabry-Perot 
interferometer (EFPI). In IFPI, the light is confined and modulated within the 
fibre. The cavity length and modulation are formed within the fibre. In EFPI, 
the light exits the fibre and is modulated before being propagated back into the 
fibre. The cavity length is formed outside of the fibre and the fibre serves as 
the medium for transmitting light into and out of the Fabry-Perot cavity. 
Different configurations for FPI have been proposed and developed. One 
configuration is to place a different fibre aligned to the first one which form a 
cavity between them and then packaged using a glass or silica, see Figure 2.5. 
An alternative method is the use of diaphragm at the opposite side of the fibre 
end forming a cavity. Any change in the cavity length due to the deformation 
of the diaphragm would result in changes in interference.  
The IFPI is usually fabricated by splicing a special fibre and coating the two 
end-faces with a reflective film. The output signal is generated by the 
superposition of the multiple reflections at the end-faces of the special fibre. 
These reflections are as a result of the reflectance of the coating, the cavity 
and the refractive index of the fibre. Whenever there is a change in the cavity 
length or the refractive index, the interference output can be tracked thereby 
able to measure any physical quantity that caused the changes of the optical 
properties. 
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Figure 2.5 Different Fabry-Perot configurations (a) Illustration of IFPI formed 
with a single optical fibre (b) Arrangement of an EFPI formed using two 
optical fibres and (c) Schematic of a FP cavity formed using an optical fibre as 
the lead-in fibre and a deformable diaphragm.  
 
In EFPI, the performance of the sensor depends only on the sensing element 
which gives it the flexibility to adapt to various sensing applications. An EFPI 
cavity is formed by placing an input fibre side by side to a reflecting fibre. As 
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light is propagated through the input fibre, a fraction of it is reflected back as 
R1, and all others are transmitted into the cavity space to the reflected fibre 
end-face. Part of the transmitted light are also reflected back as R2 at the end-
face of the reflected fibre which is then recoupled into the input fibre.  
EFPI sensors have been developed and are commercially available. The EFPI 
sensors have many advantages over the Mach-Zehnder and Michelson sensors 
such as their high sensitivity, small size, good flexibility, and their simple 
structures. These make them very attractive for various sensing applications. 
However, the EFPI have the potential of having low coupling efficiency due to 
the usual misalignment of the reflecting fibre. 
2.3.4 Polarization modulation based sensing  
Polarization modulated sensing is based on the principle of photo-elastic effect 
and the Faraday’s effect. Photo-elastic fibre sensors are designed in such a way 
that the applied pressure is transferred through photo-elastic effect into the 
change in polarization property of the optical fibre or medium [14]. While the 
sensors based on Faraday’s effect measure both electric and magnetic field. 
Measurement based on Faraday’s effect have found applications in electric 
current measurements. Optical sensors based on photo-elastic effect was first 
introduced in 1982 by Spillman [14]. After then, many sensing applications 
based on photo-elastic effect have been developed and reported to help solved 
the challenge of compensation for the power variation [15]. Silica and glass 
fibres show weak photo-elastic effect, however, external crystals are used as 
better sensing element for more accurate measurements.  
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2.3.5 Fibre Bragg grating sensors 
A fibre Bragg grating (FBG) is simply produced from a standard single mode 
optical fibre. The core of the fibre is expose to two ultra-violet light beams 
originating from the same laser source, the UV light beams constructively and 
destructively interfere. The result is a grating sensor recorded into the fibre 
formed as the periodic variation of the refractive index of the fibre core as 
shown in Figure 2.6. When light is propagated into the fibre, a narrow 
waveband of light is reflected back at the grating while other wavelengths of 
light are transmitted, see Figure 2.7. The wavelength of the reflected light 
varies with the period of the grating which itself varies with both strain and 
temperature. The central wavelength of reflected signal is generally called the 
Bragg wavelength (𝜆𝐵) and it has a linear relationship between the refractive 
index and the period of the grating 𝜆𝐵 = 2𝑛𝑒𝑓𝑓𝛬. This means that any variation 
in strain and temperature to which the optical fibre is subjected to can cause a 
shift in the Bragg wavelength. The effective refractive index is 𝑛𝑒𝑓𝑓 is a physical 
characteristic of the fibre optic material in which the grating is formed, while  
 
Figure 2.6 Refractive index change of fibre Bragg grating 
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the grating period 𝛬 depends on the design of the grating. The changes in 
temperature and applied strain on the grating of the fibre directly modify the 
refractive index or the grating period of the fibre respectively. 
 
Figure 2.7 Schematic of FBG and its reflection and transmission properties 
 
These simple principles had made it possible for the various advancement of 
the FBG sensing technology and also take advantage of the multiplexing 
capability of an FBG. See Figure 2.8. 
 
 
Figure 2.8 Multipoint distributed (WDM) pointing sensing based on FBG 
The  nature  of  the  output  of  Bragg  gratings  provide  these sensors  with  
a  built-in  self-referencing  capability.  As  the sensed information is encoded 
directly into wavelength, which is an absolute parameter, the output does not 
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depend directly on  the  total  light  levels,  losses  in  the  connecting  fibres  
and couplers, or source power. This is widely acknowledged as one of the most 
important advantages of these sensors. The wavelength encoded nature of the 
output, however, also facilitates wavelength  division  multiplexing  by  allowing  
each  sensor to  be  assigned  to  a  different  “slice”  of  the  available  source 
spectrum.  This  enables  quasi-distributed  sensing  of  strain, temperature,  
or  potentially  other  measurands  by  associating each  spectral  slice  with  a  
particular  spatial  location.  The concept is illustrated in Figure 2.8. The upper 
limit to the number of gratings which  can be  addressed in this way is  a 
function of  the  source  profile  width  and  the  operational  wavelength 
bandwidth  required  for  each  grating  element. 
A FBG sensor is primarily composed of three main segments; the sensing part, 
which compose of the bare FBG that does the actual sensing, the packaging 
and the FBG arrays; the instrumentation which composed of the interrogating 
instruments and related component such as the switches, multiplexors, data 
acquisition system, data processing units, software and graphical user 
interface; and the system integration unit which compose of project 
management and engineering aspects [16]. 
 
When FBG was first demonstrated in 1978 by Hill, They observed 
photosensitivity of the optical fibre when exposing the germanium doped fibre 
core to the two coherent argon-ion laser counter propagating radiation with 
488 𝑛𝑚 wavelength. The result showed a periodic change in the refractive index 
similar to the periodic pattern of the interference wave of the laser. Both the 
reflected light from the grating and the writing laser have the same wavelength. 
This limit the capability of this techniques. About 10 years later, Meltz et al 
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[17] in 1989 presented a holographic technique to address that limitation by 
using a writing wavelength of 244 𝑛𝑚 (5 𝑒𝑉) that made it possible to write 
gratings with wavelength other than the wavelength of the writing laser. They 
observed that photosensitivity was a two photon-process that could be made 
more efficient if it were a one-photon process corresponding to the germania 
oxygen vacancy defect band. The transverse holographic technique was 
successful since the fibre cladding is transparent to UV radiation, while the fibre 
core is highly absorbing to this radiation.  
One of the major advantages of the fibre grating fabrication by intersecting the 
two interfering beams at an angle is the fact that many custom Bragg grating 
fabrication can be done having much longer wavelengths than the writing 
wavelength. After the pioneering work by Hill and Meltz, the couple mode 
theory [18] has been developed to analyse the spectral properties of fibre Brag 
grating by Erdogan et al [19].  Lemaire in 1993 [20] proposed the use of 
Hydrogen loading technique to improve the optical fibre photosensitivity prior 
to laser irradiation. This method of Hydrogen diffusion enabled the core to be 
more susceptible to UV laser radiation. Refractive index change of the order of 
10−2 had also been achieved through this method. In 1993, a phase mask 
technique [21] was developed that successfully supersedes the success of the 
transverse holographic method by Meltz. Phase mask is made up of a thin slab 
of silica glass etched using photolithographic technique. This material is 
transparent to the UV radiation which makes the phase mask to diffract the 
light into 0, -1 and +1 diffraction order. By carefully controlling the phase mask 
corrugations reduces the zero-order diffraction, allowing the +1/-1 diffraction 
to interfere and produce the pattern of the laser radiation to enable the Bragg 
grating to be printed in the core of the fibre. In 1995, Othonos [22] 
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demonstrated an improvement in the coherence of the writings by relaxing the 
need for a close contact. The phase mask made the manufacturing of FBG very 
simple through easier alignment, lowering the coherence demand on the laser 
beams and reduction in the stability requirements on the imprinting device. 
The ability of manufacturing high performance Bragg grating at low cost is key 
to the large scale use cases of this technique in optical sensing applications. 
However, this technique relies on the use of separate phase mask for the 
production of each gratings for different operating wavelength. 
Recently, many fibre optic sensors are made with FBG through the modulation 
of the refractive index profiles. Different types of FBG have been reported 
based on their coupling characteristics. First, short period grating FBG [7]. 
Here, the grating period is typical within the range of 0.22 –  0.54 𝜇𝑚 with the 
light coupled into the backward propagation direction. Second, tilted period 
grating [23, 24]. When the fringes of the short period grating is tilted by an 
angle a tilted period grating is formed. The light with the tilted signal can also 
be coupled into the backward propagation direction. Lastly, the long period 
grating [25, 26]. The grating period of the long period grating has a length 
within the range of 100 –  500  𝜇𝑚 with the light coupled into the forward 
propagation direction. They act as loss filters and are usually used as gain 
equalizer. They have been successfully manufactured by exposing the core of 
the fibre to point by point UV light. Other examples include chirped FBG, 
apodized FBG and phase shift FBG [27-29] 
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2.3.5.1 Sensing principle of FBG for temperature and 
strain 
A change in temperature or strain acts directly to the centre wavelength of the 
grating causing a shift to the effect of the change. By measuring this shift in 
Bragg wavelength it is possible to determine the variation in temperature or 
strain applied to the grating of the fibre. The expression for this definition is 
given as [31] 
 
∆𝜆𝐵
𝜆𝐵
= 𝐾𝜀∆𝜀 + 𝐾𝑇∆𝑇                                                                                                                      (2.2) 
 
where ∆𝜆𝐵/𝜆𝐵 is the normalised Bragg wavelength change of the FBG, ∆𝜀 and 
∆𝑇 are the change in both strain and temperature, 𝐾𝜀 is the strain effect and 
𝐾𝑇 is the temperature sensitivity on the FBG. The 𝐾𝜀  and 𝐾𝑇 parameters are 
constant for wide range of values and Equation 2.2 can be re-written as [31] 
 
∆𝜆𝐵
𝜆𝐵
=  (1 − 𝑃𝑒)∆𝜀 +  (𝛼 +  𝜉)∆𝑇                                                                                              (2.3) 
 
where 𝑃𝑒 is the elasto-optic coefficient, 𝛼 is the coefficient of thermal expansion 
and 𝜉 is the thermo-optic coefficient.  
 The FBG is sensitive to both strain and temperature, in most practical 
applications, it’s very common to compensate for the temperature so that the 
effects of coefficient of thermal expansion and temperature on the refractive 
index can be determined. For low range of temperature, the temperature 
sensitivity is approximately 10 × 10−6 /℃ while the strain sensitivity is 0.80  for 
a fixed Bragg wavelength of 1550 𝑛𝑚.  
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In deep and ultra-deep environments, temperature information is one of the 
key parameters to measure for oil and gas well and structural health 
monitoring. In deep wells, it is necessary to monitor temperature and the 
temperature sensors have to be properly coated and packaged to maintain 
accurate stability in these environments over a long period of time. FBGs have 
been have been employed as the sensor of choice for multi-parameter 
measurement by detecting the reflected wavelength information [32-34]. The 
change in the reflected and transmitted optical spectra can be used in 
interrogating the physical parameters [35, 36]. Several techniques have been 
developed over the years to improve the performance of FBG based 
temperature sensing in high temperature environments. Some of these 
methods include thermal cycling, annealing of the gratings [37, 38], and 
fabricating gratings using femtosecond laser [39, 40]. However, when FBGs 
are written in a polarization maintaining fibre, two different resonant 
wavelengths are seen and two orthogonal polarized modes will propagate the 
core of the fibre [41-43]. Measurements of high temperature with optical fibre 
sensors have been realised, however, researchers are still seeking new 
methods of simplifying the fabrication process and reduce the cost of 
production. One of the major concerns for deploying fibre gratings sensors in 
the oil and gas industry is their thermal instability in high temperature 
environments, especially for downhole measurements. The capability of the 
FBG sensor as a high temperature sensor is mainly limited by the thermal 
stability of the refractive index modulation [44]. Alternatively, metal coated 
FBG sensors have become very popular techniques for improving the 
performance of optical sensors for harsh environments [45, 46]. These make 
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them highly suitable for oil and gas sensing applications. FBG sensors have 
become mainstream sensors for oil and gas sensing applications leading to the 
demand for better optical based sensors. In chapter 5 of this work, we 
introduce the design and analysis a metal coated hybrid sensor for high 
pressure high temperature measurement. The characterization of this sensor 
could provide insight into development of other more optimised sensing 
structure for oil and gas applications. 
2.3.5.2 Sensing principle of FBG for pressure 
measurement 
Fibre optic pressure sensors for downhole measurement have been proposed 
and developed [30]. Measurement of pressure is based on the principle of a 
shift in wavelength of an FBG when the grating length or the refractive index 
changes. The measurement of pressure by FBG was first demonstrated in 1993 
by Xu et al [47]. He showed experimentally a pressure sensitivity of −3.04 ×
10−3 𝑛𝑚/𝑀𝑃𝑎 which is equivalent to pressure resolution of 328.9 𝑘𝑃𝑎 over a 
pressure range of 70 MPa with a bare FBG of central wavelength of 1553.3 𝑛𝑚 
was achievable on a single mode optical fibre. Though this simple technique 
was capable of developing low pressure sensors, it was limited for downhole 
pressure measurements because of its low intrinsic pressure sensitivity and low 
mechanical strength. FBG sensors capable in operating at harsh environments 
need their structure to be properly coated and packaged to improve sensitivity 
and mechanical protection. Several techniques for enhancing pressure 
sensitivity have been studied and reported.  
Zhang 𝑒𝑡 𝑎𝑙 [48] proposed a technique that increased pressure sensitivity by 3 
order of magnitude.  He did this by embedding an FBG in a polymer filled metal 
jacket with a small aperture at the end. The applied pressure in the longitudinal 
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axial direction of the fibre imposed an axial compression of the polymer and 
the optical fibre.  
In 2000, Liu et al [49] demonstrated both theoretically and experimentally that 
coating the FBG sensor with two different polymers allows for an increase in 
pressure sensitivity upto 30 times and temperature of 8 times that of bare FBG. 
The measured pressure sensitivity and temperature sensitivity for a Bragg 
wavelength shift of 1540.2 nm were −5.24 × 10−5 𝑀𝑃𝑎−1 and 5.69 × 10−5 ℃−1 
respectively. 
Sheng et al [50] developed an all fibre highly sensitive sensor based on FBG 
encapsulated in a half filled metal tube with a round plate attached to the FBG 
and polymer. The polymer was pressurized along one radial direction only, and 
responds to an axial force on the round plate, creating an axial stretched-strain 
on the FBG. The measured pressure sensitivity was measured to be 2.2 ×
10−2𝑀𝑃𝑎−1 which was 10 900 times higher than the bare FBG. Another FBG 
sensor configuration was reported by Ho et al in 2008 [51], where they 
proposed an FBG based pressure sensor attached on a surface of a thin circular 
plate. The pressure experienced by the circular plate is correlated to the 
difference in central wavelength of 1550 𝑛𝑚 and measured pressure sensitivity 
of 4.0 × 10−3 𝑀𝑃𝑎−1.  
2.4 Summary 
In this chapter, a review of the principles of operation of conventional pressure 
and temperature sensors was presented in order to ascertain that the current 
solutions available in the industry are not sufficient in meeting the goals of this 
research. The introduction and review of optical fibre sensor as an alternative 
for measuring such parameters were also presented. Wavelength, intensity, 
interferometric and polarization modulation based sensing were described. 
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Lastly the sensing principles of FBG for temperature, strain and pressure were 
detailed. This provided different design and measurement techniques from 
which the most practical ones were considered for the solution of addressing 
the cross sensitivity problem. Together these studies provide important insights 
into the development of other more optimised sensing structure for oil and gas 
applications. 
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Chapter 3 
3 Theoretical Analysis of Fibre Bragg Gratings 
3.1 Introduction 
The implementation and application of the hybrid optical fibre sensor need a 
detailed level of understanding of the optical properties which gives rise to 
various existing phenomena that can be considered for sensing. This chapter 
establishes the mathematical model of FBG, introduces a numerical method for 
carrying out FBG response simulation when affected by external perturbations 
(like pressure, temperature and strain). It also shows the effect of changes 
relating to the parameters of FBG caused by these external perturbations. 
Modelling, simulation and characterization of optical FBG for oil and gas sensing 
applications are presented. The grating length and refractive index profile are 
key parameters for effective and high performance optical Bragg grating. 
Modelling and simulation of the Bragg grating which are based on solving the 
coupled-mode theory (CMT) equation by using the transfer matrix method were 
carried out using MATLAB.  
 
The fundamental equations required for the theoretical understanding of FBG 
are presented in this chapter, thus providing a complete background of FBG 
and its characterization in optical fibres. The spectral reflectivity, bandwidth 
and side-lobes were analysed with changes in grating length and refractive 
index and results show that the changes in grating length and refractive index 
profile affect the bandwidth as the demand for bandwidth and high-speed 
transmission grows in oil and gas sensing applications. Finally, sensitivity and 
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cross sensitivity behaviours of FBG are analysed and presented including the 
various derivations of their mathematical models.  
3.2 Properties and Principles of FBG Sensing 
FBG can be constructed to a distributed based sensing whose characteristics 
are wavelength dependent that can accurately be adjusted by proper design. 
One important feature of the FBG is the relative narrow bandwidth of the 
reflection spectrum [1]. However, some certain applications such as seismic 
sensing in the oil and gas industry need large bandwidth [2]. Applying the CMT 
in this chapter, a short grating length is needed to achieve a large bandwidth 
and it was also found that the refractive index change will also affect the 
bandwidth. 
The refractive index profile, grating length and the grating strength are 
basically the three variables that control the properties FBGs. The properties 
that need to be controlled in an FBG are reflectivity, bandwidth and the side-
lobe strength. Parameters like strain, temperature and pressure simultaneously 
act on FBG sensor [3]. The Bragg wavelength of the FBG will vary with changes 
in any of these parameters experienced by the fibre optic sensor and the 
corresponding wavelength shifts are as follows: 
3.2.1 Strain and temperature sensing of FBG 
The equation models of FBG are derived from both the grating period and 
refractive index properties of the FBG when subjected to external perturbations 
[3]. The Bragg wavelength is sensitive to physical changes in the grating due 
to strain and temperature [3].  Thermal  expansion  in  the  FBG  causes  the  
effective  refractive  index  and  the  spacing  of  the  gratings to change 
simultaneously and produced a wavelength shift. While the temperature 
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sensitivity of FBG happens as a result of the induced refractive index change 
due the coefficient of thermal expansion of the optical fibre. The shift in Bragg 
wavelength ∆𝜆𝐵 due to the applied longitudinal strain and temperature change 
is given by [3]; 
 
∆𝜆𝐵
𝜆𝐵
=  (1 − 𝑃𝑒)∆𝜀 +  (𝛼 +  𝜉)∆𝑇                                                                                                           (3.1) 
 
where ∆𝜆𝐵 wavelength difference compared to original Bragg wavelength, 
𝜆𝐵. 𝑃𝑒 is the effective photo-elastic constant, 𝜀 is the strain applied to the 
optical fiber, 𝛼 is  thermal  coefficient and 𝜉 is  the  thermo-optic  coefficient.  
Therefore,  the  strain  effect  on  an  optical  fiber  under  a  constant  
temperature (∆𝑇 = 0),  the  Bragg  wavelength  shift  ∆𝜆𝐵 can  be  expressed  in  
the  form [3]; 
 
∆𝜆𝐵|𝑠 =  𝜆𝐵(1 − 𝑃𝑒)𝜀                                                                                                                                 (3.2) 
 
The linear change of the strain or pressure results in variation of FBG 
central wavelength defined as [3]; 
 
𝑃𝑒 =  
𝑛𝑒𝑓𝑓
2
2
[𝑃12 − 𝜈(𝑃11 + 𝑃12)]                                                                                                     (3. 3) 
 
where 𝑃11 = 0.113 and 𝑃12 = 0.252 are the components of the fibre optic strain 
tensor also known as the Pockels constants of the fibre, determined 
experimentally [4] and 𝜈 is the Poisson’s ratio (which is defined as the ratio of 
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transverse strain to longitudinal strain in the direction of stretching force). For 
a typical germanosilicate optical fibre, 𝜈 = 0.16, and 𝑛𝑒𝑓𝑓 = 1.482. Study has 
shown that the strain sensitivity is given as 1.2 𝑝𝑚/𝜇𝜀 at a wavelength of 
1550 𝑛𝑚, corresponding to a change of 1.2 𝑝𝑚 for applying a strain of 1 𝜇𝜀 to the 
fibre grating [3]. An example of a Bragg wavelength shift with applied strain 
on a 1548.20 𝑛𝑚 gratings is shown in Figure 3.1. This shows the variation of the 
wavelength of FBG versus applied. The variation pattern is linear and the slope 
is 1.2 × 10−3 and the fitting linear correlation coefficient reached 97.29% 
 
      
Figure 3.1 Bragg wavelength shift with applied strain on a 1548.20 𝑛𝑚 gratings 
The second term of equation 3.1 denotes the effect due to temperature on the 
FBG. The shift in Bragg wavelength is due to the coefficient of thermal 
expansion, refractive index variations and the grating period. The shift in 
wavelength ∆𝜆𝐵 as a result of temperature changes 𝛥𝑇 is described by [3] 
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∆𝜆𝐵|𝑇 = 𝜆𝐵(𝛼 +  𝜉)∆𝑇                                                                                                                               (3.4) 
 
𝛼 =  
1
𝛬
(
𝜕𝛬
𝜕𝑇
)                                                                                                                                                 (3.5) 
 
 𝜉 =
1
𝑛𝑒𝑓𝑓
(
𝜕𝑛𝑒𝑓𝑓
𝜕𝑇
)                                                                                                                                     (3.6) 
 
where 𝑛𝑒𝑓𝑓 is the effective refractive index and 𝛬 is the grating pitch of the 
fibre. Study has also shown that the temperature sensitivity of an optical bare 
fibre is given as 13.7 𝑝𝑚/℃ [3] at a wavelength of 1550 𝑛𝑚, corresponding to a 
change of 13.7 𝑝𝑚 for applying a temperature of 1℃ to the fibre grating. An 
example of a Bragg wavelength shift due to applied temperature on a 
1548.20 𝑛𝑚 gratings is shown in Figure 3.2. The variation pattern is linear and 
the slope is 13.7 × 10−3 and the fitting linear correlation coefficient reached 
99.38% 
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Figure 3.2 Bragg wavelength shift with applied temperature on a 1548.20 𝑛𝑚 
gratings 
It is interesting to note that any changes in the external perturbations will 
result in the Bragg wavelength shift that affects both strain and temperature. 
For any practical applications where a single parameter is to be measured, 
there is a need for compensation for the other parameter.  
 
3.2.2 Pressure sensing of FBG 
The shift in wavelength ∆𝜆𝐵 is used to demodulate the pressure caused by the 
strain. For a pressure change of 𝛥𝑃, the shift in wavelength is described by 
[4]; 
 
∆𝜆𝐵|𝑃
𝜆𝐵
= (
1
𝑛𝑒𝑓𝑓
𝜕𝑛𝑒𝑓𝑓
𝜕𝑃
+
1
𝛬
𝜕𝛬
𝜕𝑃
) ∆𝑃                                                                                                          (3.7) 
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Considering the change of grating period is exactly the same as that of optical 
ﬁbre length, the normalized pitch-pressure and the index-pressure 
coefficients are given by [4]; 
 
∆𝛬
𝐿
 =   
∆𝐿
𝐿
 =  −
(1 − 2𝜈)∆𝑃
𝐸
                                                                                                                  (3.8) 
 
∆𝑛𝑒𝑓𝑓
𝑛𝑒𝑓𝑓
=  
𝑛𝑒𝑓𝑓
2 ∆𝑃
2𝐸
[(1 − 2𝜈)(2𝑃11 + 𝑃12)]                                                                                            (3.9) 
 
Substituting equations 3.8 and 3.9 into equation 3.6, the shift in the Bragg 
wavelength as a result of pressure is given as [4]; 
 
𝜆𝐵|𝑃 = 𝜆𝐵 [−
(1 − 2𝜈)
𝐸
+  
𝑛𝑒𝑓𝑓
2 𝑃
2𝐸
[(1 − 2𝜈)(2𝑃11 + 𝑃12)]   ] ∆𝑃                                                  (3.10)  
 
where 𝐸 is the Young’s modulus of the fibre. This shows that the shift in 
Bragg wavelength is directly proportional to the change in pressure ∆𝑃, and 
this change is due to both change in the effective refractive index of the fibre 
and the change in grating length of the fibre. Previous work on FBG has 
shown to have pressure sensitivity of 48 𝑝𝑚/𝑘𝑃𝑎 [3], though higher sensitive 
FBG have been achieved. It is shown that induced strain, temperature and 
pressure are measurable when applied to FBG. 
3.3 Method, modelling and simulation of FBG 
To model the FBG, the CMT will be considered since it is one of the best tools 
in understanding the optical properties of gratings. The CMT is a powerful 
mathematical tool for obtaining quantitative information of the spectral 
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dependence of FBG and the diffraction efficiency. It is one of the popular tools 
used in describing the behaviour of Bragg gratings by analysing the wave 
propagation and interactions in optical waveguides. This is mainly due to its 
simplicity and accuracy in modelling the optical properties of most fibre 
gratings. CMT allows the second order differential equation to be expressed 
as one or more uncoupled first order differential equations. The following 
assumptions are generally made with CMT in solving the Maxwell equations: 
Linearity, time-reversal symmetry, time-invariance, weak mode coupling 
(small perturbation of uncoupled modes) and energy conservation. 
 
3.3.1 Models of FBG and the coupled-mode theory 
(CMT) 
When a fibre is subjected to varying pattern of ultra-violet light, the refractive 
index perturbation that produces an FBG is formed. The relationship between 
the spectral dependence and the grating structure of the fibre grating is often 
described by the CMT.  It aims to solve the Maxwell equations for a perturbed 
waveguide, see Appendix A for the detailed derivation of the CMT. For 
simplicity, the fabricated FBG perturbation on the effective refractive index 𝑛𝑒𝑓𝑓 
of the guided modes is expressed as [5] 
 
𝜕𝑛𝑒𝑓𝑓(𝑧) = 𝜕𝑛𝑒𝑓𝑓̅̅ ̅̅ ̅̅ ̅̅ (𝑧) [1 + 𝑉 cos (
2𝜋
𝛬
𝑧 + 𝜑(𝑧))]                                                                          (3.11) 
 
where 𝜕𝑛𝑒𝑓𝑓̅̅ ̅̅ ̅̅ ̅̅   is the mean refractive index,  𝑉 is the fringe visibility of the index 
change, 𝛬 is the grating period and 𝜑(𝑧) denotes the grating chirp. The change 
of the refractive index along the region of the FBG can be divided into a 
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constant offset (mean amplitude) and a variable part (sinusoidal variation). For 
a single mode FBG, the simplified coupled mode equations are given as [5] 
 
𝑑𝑅
𝑑𝑧
= 𝑖?̂?𝑅(𝑧) + 𝑖𝜅𝑆(𝑧)                                                                                                                            (3.12) 
 
𝑑𝑆
𝑑𝑧
= −𝑖?̂?𝑆(𝑧) − 𝑖𝜅∗𝑅(𝑧)                                                                                                                       (3.13) 
 
 
Where 𝑅(𝑧) = 𝐴(𝑧)exp (𝑖𝜕(𝑧) −
𝜑
2
) and 𝑆(𝑧) = 𝐵(𝑧)exp (−𝑖𝜕(𝑧) +
𝜑
2
), are the 
amplitudes of forward-propagating and backward-propagating modes 
respectively. 𝜅 is the continuous coupling and ?̂? is the general self-coupling 
coefficient. They are defined as [5]; 
 
?̂? =  𝜕 + 𝜎 −
1
2
𝑑𝜑
𝑑𝑧
                                                                                                                                   (3.14) 
 
𝜅 =  𝜅∗ =
𝜋
𝜆
𝑣𝜕𝑛𝑒𝑓𝑓̅̅ ̅̅ ̅̅ ̅̅                                                                                                                                  (3.15) 
 
The detuning 𝜕 and 𝜎 in equation 3.14 are defined as [5] 
 
𝜕 = 𝛽 −
𝜋
𝛬
= 2𝜋𝑛 (
1
𝜆
−
1
𝜆𝐷
)                                                                                                    (3.16) 
 
𝜎 =
2𝜋
𝜆
𝜕𝑛𝑒𝑓𝑓̅̅ ̅̅ ̅̅ ̅                                                                                                                                            (3.17) 
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For a uniform FBG, in which 𝛽 is the mode propagation constant, 𝜕𝑛𝑒𝑓𝑓̅̅ ̅̅ ̅̅ ̅̅    is a 
constant and the grating chirp 
𝑑𝜑
𝑑𝑧
= 0, and thus 𝜅, 𝜎, and ?̂? in equations 3.14, 
3.15 and 3.17 are constants. Given appropriate boundary condition, one may 
arrive at a close form solution to these equations. For a uniform fibre grating 
length 𝐿, assuming a forward propagation wave incident from 𝑧 → −∞ and no 
backward propagation wave exit for 𝑧 ≥
𝐿
2
, the reflectivity can be determined. 
The amplitude is expressed as 𝜌 =
𝑆(−
𝐿
2
)
𝑅(−
𝐿
2
)
 and the power reflectivity coefficients 
𝑅 = |𝜌|2 By specifying the appropriate boundary conditions 𝑅(−𝐿/2) = 1, 
𝑆(−𝐿/2) = 0 the analytical expression of the power reflection coefficient is 
obtained as [5, 6] 
 
𝜌 =  
−𝜅 sinh √(𝜅𝐿)2 − (𝜎𝐿)2
𝜅 sinh √(𝜅𝐿)2 − (𝜎𝐿)2 + 𝑖√𝜅2 − 𝜎2 cosh √(𝜅𝐿)2 − (𝜎𝐿)2
                                               (3.18) 
 
and 
 
𝑅 =
sinh2 √(𝜅𝐿)2 − (𝜎𝐿)2
−
𝜎2
𝜅2
+ cosh2 √(𝜅𝐿)2 − (𝜎𝐿)2
                                                                                                    (3.19) 
 
The transfer matrix method is applied to solve the coupled mode theory 
equations and to obtain the spectral response of FBG. The FBG with grating 
length 𝐿 is divided into sections of 𝑀 as shown in Figure 3.3. The larger the 
number of 𝑀, the more accurate this method is. During design, care should be 
taken not to make 𝑀 arbitrarily too large as the coupled mode theory becomes 
difficult to implement for a uniform grating section of just few periods long. 
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Figure 3.3 The transfer matrix method applied to obtain the spectra 
characteristics of a FBG 
 
The amplitude of the forward-propagation mode and the backward- 
propagation mode before and after the 𝑖𝑡ℎ uniform sections are represented in 
a matrix of the form 𝐹𝑖 as; 
 
[
𝑅𝑖
𝑆𝑖
] = 𝐹𝑖 [
𝑅𝑖−1
𝑆𝑖−1
] = [
𝐹11 𝐹12
𝐹21 𝐹22
] [
𝑅𝑖−1
𝑆𝑖−1
]                                                                                                (3.20) 
 
where 𝑅𝑖 and 𝑆𝑖 are the amplitudes of the forward-propagation mode and 
backward-propagation mode after the 𝑖𝑡ℎ uniform sections and 𝑅𝑖−1 and 𝑆𝑖−1 
are the amplitudes of the forward-propagation mode and backward-
propagation mode before the 𝑖𝑡ℎ uniform sections. The elements in the 
transfer matrix are represented as; 
 
𝐹11 = 𝐹
∗
22 = cosh(𝛾𝐵∆𝑧) − 𝑖
?̂?
𝛾𝐵
sinh(𝛾𝐵∆𝑧)                                                                                  (3.21) 
 
𝐹12 = 𝐹
∗
21 = −𝑖
𝜅
𝛾𝐵
sinh(𝛾𝐵∆𝑧)                                                                                                          (3.22) 
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where ∆𝑧 is the length of the 𝑖𝑡ℎ uniform section, 𝛾𝐵 = √𝜅2 − 𝜎2 is the imaginary 
part for which |?̂?|  >  𝜅 [5] , and ′ ∗ ′ represent the complex conjugate. The 
output amplitude are obtained by multiplying all the matrices for individual 
sections as 
 
[
𝑅𝑀
𝑆𝑀
] = 𝐹 [
𝑅0
𝑆0
]                                                                                                                                          (3.23) 
 
where 𝐹 = 𝐹𝑀. 𝐹𝑀−1 … … 𝐹1 
 
The output amplitudes for the non-uniform FBG are obtained by applying the 
boundary conditions, 𝑅0 = 𝑅(𝐿)  =  1 and 𝑆0 = 𝑆(𝐿)  =  1. The amplitude 
reflection coefficient 𝜌 =
𝑅𝑀
𝑆𝑀
⁄ , and the power reflection coefficient 𝑅 = |𝜌|2  
are calculated by the transfer matrix method. 
The reflectivity of a uniform Bragg grating is calculated from equation 3.19 
for 𝜅𝐿 = 2 and 𝜅𝐿 = 6. Reflectivity is plotted against the normalized wavelength 
as shown in Figure 3.4. The total number of grating periods 𝑁 =  𝐿 𝛬⁄ . The 
maximum reflectivity for Bragg grating derived from equation 3.19 is given as 
 
𝑅𝑚𝑎𝑥 = tanh
2(𝜅𝐿)                                                                                                                                  (3.24) 
 
and this occurs when ?̂? = 0, or at a wavelength of  
 
𝜆𝑚𝑎𝑥 = (1 +
𝜕𝑛𝑒𝑓𝑓̅̅ ̅̅ ̅̅ ̅̅
𝑛𝑒𝑓𝑓
) 𝜆𝐷                                                                                                                         (3.25) 
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Figure 3.4 Reflectivity spectra response against normalized wavelength for a 
uniform Bragg grating with 𝜅𝐿 = 2 and 𝜅𝐿 = 6 
It can be observed that the bandwidth of the FBG is extremely narrow, this 
means at a 1550 𝑛𝑚 wavelength, one can achieve a relatively narrow bandwidth 
of 0.03 − 0.05 𝑛𝑚. For low value of 𝜅𝐿 (𝜅𝐿 = 2), the reflectivity is less than 1 but 
as 𝜅𝐿 increases to 𝜅𝐿 = 6, the reflectivity approaches the value of 0.8, and the 
bandwidth of the FBG increases. By using a FBG with the right design 
parameters a perfect reflection of the signal can be obtained from the FBG.   
3.3.2 Simulation of FBG 
The spectral dependency on a number of various parameters has been 
investigated and reported, such as grating length [7-10], number of grids [11], 
changes in refractive index [12], strain [13], temperature [14, 15]. By applying 
equation 3.19, the spectral response of a uniform FBG is obtained and 
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simulated. The simulation was carried out in MATLAB and the parameters of 
the uniform FBG used for the simulation are listed in Table 3.1. 
Table 3.1 Simulation parameters for FBG [10] 
Parameter Symbol Value 
Effective refractive index 𝑛𝑒𝑓𝑓 1.447 
Grating length changes 𝐿 1 − 8 𝑚𝑚 
Bragg wavelength 𝜆𝐵 1550 𝑛𝑚 
Change in refractive index 𝜕𝑛 0.0005 − 0.002 
Grating period 𝛬 535.59 𝑛𝑚 
 
3.3.3 Investigation of spectral reflectivity 
dependence on grating length 
The spectral response of a uniform FBG is affected by changing the length of 
the grating by external perturbations such as strain, temperature and pressure. 
The dependency of the spectral reflectivity on different grating lengths were 
observed and analysed by varying the grating length from 1 − 10 𝑚𝑚. 
Figure 3.5 shows the simulated results of the relationship between reflectivity 
and wavelength for different lengths of the grating. Clearly from the graphs, 
the reflectivity of the uniform FBG increases with increase in the grating length. 
When the grating length 𝐿 =  1 𝑚𝑚, 2 𝑚𝑚, 3 𝑚𝑚, 4 𝑚𝑚 and 5 𝑚𝑚 the maximum 
reflectivity is 58.83%, 93.28%, 99.09%, 99.88% and 99.98% respectively. At 𝐿 =
 6 𝑚𝑚, the reflectivity reaches 100%. When the grating length is increased 
further to 𝐿 =  10 𝑚𝑚, it is observed that the maximum reflectivity maintains at 
100%. 
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Figure 3.6 shows a linear relationship between the change in grating length 
and the shift in centre wavelength. It is observed from the graph, as the grating 
length changes, there is a corresponding shift in the centre wavelength. 
 
Figure 3.5 Spectral reflectivity characteristics of FBG for different grating 
length 1 − 8 𝑚𝑚 (𝑎 − ℎ) 
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Figure 3.6 Effect of grating length on FBG 
3.3.4 Investigation of spectral reflectivity on 
refractive index 
The spectral reflectivity dependence on varying refractive indices were also 
studied and analysed. Figure 3.7 shows the results of the simulation of a 
uniform FBG with grating length of 𝐿 =  1 𝑚𝑚 as the change in refractive index 
is varied from 𝜕𝑛 =  0.0005 − 0.003. For grating with refractive index of 𝜕𝑛 =
 0.0005, 0.0006, 0.0007, 0.0008, 0.0009 and 0.001 the maximum reflectivity is 
58.83%, 70.28%, 79.07%, 85.51%, 90.09% and 99.01% respectively. 100% 
maximum reflectivity was achieved at 𝜕𝑛 = 0.002 and maintains this value 
when the refractive index is further increased. Figure 3.8 shows the linear 
relationship between the refractive index change and the shift in centre 
wavelength. As the change in refractive index increases, there is a 
corresponding increase in the centre wavelength which is in agreement with 
the findings of Sunita and Mishra [12]. The shifts in centre wavelength is used 
for calculating the external perturbations like strain, temperature, pressure etc. 
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Figure 3.7 Spectral reflectivity characteristics of FBG for different refractive 
index change 0.0005 − 0.003 from 𝑎 to ℎ 
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Figure 3.8 Effect of refractive index change on centre wavelength 
 
3.3.5  Investigation of bandwidth dependence on 
grating length and refractive index 
The dependence of bandwidth on grating length was observed and analysed, 
the bandwidth values of FBG with different grating lengths were obtained from 
Figure 3.5 and plotted in Figure 3.9. It can be observed that the bandwidth 
reduces with increase in grating length but increases with increase in change 
in refractive index of a FBG. In Figure 3.9, it can be seen that when the grating 
length is 5 𝑚𝑚 with a refractive index change of 0.0005 the bandwidth is 0.6 𝑛𝑚. 
As the grating length reduces to 2 𝑚𝑚, the bandwidth increases to 0.75 𝑛𝑚. 
Theoretically, larger bandwidth of a FBG can be achieved with smaller grating 
length. Thus, for a strong grating with a large bandwidth to be achieved, the 
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grating length has to be small and the refractive index change must be large. 
However, for a strong grating with smaller bandwidth, the grating length must 
be long and the refractive index change must be small. Also, it is worth noting 
that the strength of the side-lobes in the reflection spectrum increases with 
increase in both the grating length and the change in refractive index as 
indicated in Figure 3.5 and Figure 3.7. 
 
Figure 3.9 Effect of grating length on bandwidth for different refractive index 
change 0.0005 − 0.001 
 
In summary, by applying the coupled mode theory, it can be shown that a 
larger bandwidth can be achieved with short grating length with good design. 
The modelling, simulation and characterization of optical FBG were presented. 
The spectra reflectivity, bandwidth and side-lobes were analysed with 
changes in grating length and refractive index. The reflectivity increases with 
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increase in grating length and refractive index change. The bandwidth of FBG 
decreases by increasing the grating length and it increases by increasing the 
refractive index change. The strength of the side-lobes increases with 
increase in the grating length and the refractive index change which can be 
suppressed by apodization (also called a tapering function or window function 
which is a function used to smoothly bring a sampled signal down to zero at 
the edges of the sampled region). 
These analysis give better understanding of FBG characteristics and suggest 
possible ways of designing high performance FBG sensors for oil and gas 
applications. 
3.4 Sensitivity Analysis of FBG 
In this section, theoretical models and simulation of the cross-sensitivity 
function in multi-parameter FBG based sensor for oil and gas applications has 
been developed and analysed. Simulation results show that the interactions 
between the physical properties of FBG sensors and that of cross-sensitivity 
would change widely when external parameters and fibre material effects are 
very large. 
3.4.1 Cross sensitivity analysis of FBG based 
sensor    for oil and gas applications 
The sensing capability of FBGs has been intensively studied and developed for 
the past two decades [16]. This technology is now gaining wide acceptance in 
oil and gas sensing applications because of their wavelength multiplexing 
capability, good linearity, relatively small size and ability to operate in a harsh 
environment [17-19]. The relatively small size and light weight of FBGs makes 
them very attractive for sensing strain distribution in micro-structures by 
embedding it into the structures without affecting the internal properties of the 
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structures. One of the major challenges of measuring external parameters like 
temperature, axial strain and pressure simultaneously using a FBG in most 
practical applications is the issue of cross sensitivity. While the effect of cross 
sensitivity due to double parameters like temperature and strain or 
temperature and pressure have been reported in the literature [20, 21], the 
effect of cross sensitivity on all three parameters (temperature, strain and 
pressure) are scarce in the literature. This analysis is based on the fact that in 
most practical oil and gas applications such as the downhole measurements 
and underwater pressure measurement, all three parameters act 
simultaneously on the FBG sensor. There is the need to analyse the effect of 
cross sensitivity of FBG sensor when used as a multi-parameter sensor for oil 
and gas based applications. 
In this work, theoretical models of the cross sensitivity function of an FBG and 
its physical mechanism has been developed and analysed. This analysis was 
based on the fact that FBG sensor was in the state in which the strain, 
temperature and pressure were simultaneously functioning on. The simulated 
results show that the interactions between the physical properties of FBG 
sensors and the properties of cross sensitivity would change widely when the 
external parameters and fibre material effects are very large. 
 
3.4.2 Theoretical analysis of FBG cross sensitivity 
The Bragg wavelength 𝜆𝐵 is given as [5] 
 
𝜆𝐵 = 2𝑛𝑒𝑓𝑓𝛬                                                                                                                                              (3.26) 
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where 𝑛𝑒𝑓𝑓 is the effective refractive index of the optical mode propagation 
along the fibre and 𝛬 is the grating of the variation of the refractive index. 
Different applications for which of FBG sensor for which external perturbations 
(temperature, pressure, strain) cause changes in 𝑛𝑒𝑓𝑓  and 𝛬 in most oil and 
gas applications leading to shift in the Bragg wavelength will be considered and 
analysed theoretically. For example, when FBG sensor is affected by both 
temperature and pressure, the Bragg wavelength will be a function of both 
temperature 𝑇, and pressure 𝑃, expressed as [20] 
 
𝜆𝐵 = 𝜆𝐵(𝑇, 𝑃)                                                                                                                                            (3.27) 
 
This equation can be expanded using the Taylor’s series expansion technique 
given as [20]; 
 
𝜆𝐵 = 𝜆𝐵(𝑇0, 𝑃0) + 𝜆𝐵 (∆𝑇
𝜕
𝜕𝑇
+ ∆𝑃
𝜕
𝜕𝑃
) +
1
2!
𝜆𝐵 (∆𝑇
𝜕
𝜕𝑇
+ ∆𝑃
𝜕
𝜕𝑃
)
2
+ ⋯ ⋯                   (3.28) 
 
where ∆𝑇 and ∆𝑃 are the changes in temperature and pressure respectively and 
(𝑇0, 𝑃0) is the reference state. The shift in Bragg wavelength ∆𝜆𝐵 as a function 
of temperature and applied pressure is derived from the Taylor’s series 
expansion as; 
 
∆𝜆𝐵 = ∆𝑇
𝜕𝜆𝐵
𝜕𝑇
+ ∆𝑃
𝜕𝜆𝐵
𝜕𝑃
+ ∆𝑇∆𝑃
𝜕2𝜆𝐵
𝜕𝑇𝜕𝑃
+
1
2
(∆𝑇2
𝜕2𝜆𝐵
𝜕𝑇
+ ∆𝑃2
𝜕2𝜆𝐵
𝜕𝑃
)                                    (3.29) 
 
Equation 3.29 shows that ∆𝜆𝐵 is not only affected by ∆𝑇 and ∆𝑃, but also by a 
cross-sensitivity term and other higher order terms. The Bragg wavelength 
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shift caused by higher order terms increases with an increase of ∆𝑇 and ∆𝑃. On 
the one hand, if ∆𝑇 and ∆𝑃 are large enough, a nonlinear Bragg wavelength 
shift would be created by them.  On the other hand, if ∆𝑇 and ∆𝑃 are not large 
enough, the higher order terms can be neglected compared   to   the   first   
order   terms   and   cross   sensitivity terms. Also, higher order terms do not 
capture the cross sensitivity terms. Therefore, higher order terms without cross 
product of both change in temperature and pressure are dropped. Equation 
3.29 can be simplified as: 
 
∆𝜆𝐵 = ∆𝑇
𝜕𝜆𝐵
𝜕𝑇
+ ∆𝑃
𝜕𝜆𝐵
𝜕𝑃
+ ∆𝑇∆𝑃
𝜕2𝜆𝐵
𝜕𝑇𝜕𝑃
                                                                                           (3.30) 
 
which can be further be simplified to: 
 
∆𝜆𝐵 = ∆𝑇 ∙ 𝐾𝑇 + ∆𝑃 ∙ 𝐾𝑃 + ∆𝑇∆𝑃 ∙ 𝐾𝑇𝑃                                                                                             (3.31) 
 
where 𝐾𝑇 , 𝐾𝑃, and 𝐾𝑇𝑃 are the temperature sensitivity, pressure sensitivity and 
cross sensitivity respectively which are expressed as [20]: 
  
𝐾𝑇 =
𝜕𝜆𝐵
𝜕𝑇
= 2 ∙ (
𝜕𝑛𝑒𝑓𝑓
𝜕𝑇
∙  𝛬 +
𝜕𝛬
𝜕𝑇
∙ 𝑛𝑒𝑓𝑓) = 𝜆𝐵(𝛼 +  𝜉)                                                                (3.32) 
 
𝐾𝑃 =
𝜕𝜆𝐵
𝜕𝑃
= 2 ∙ (
𝜕𝑛𝑒𝑓𝑓
𝜕𝑃
∙  𝛬 +
𝜕𝛬
𝜕𝑃
∙ 𝑛𝑒𝑓𝑓)
= 𝜆𝐵 [−
(1 − 2𝜈)
𝐸
+  
𝑛𝑒𝑓𝑓
2 𝑃
2𝐸
[(1 − 2𝜈)(2𝑃11 + 𝑃12)]   ]                                     (3.33) 
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𝐾𝑇𝑃 =
𝜕2𝜆𝐵
𝜕𝑇𝜕𝑃
=
𝐾𝑇𝐾𝑃
𝜆𝐵
+ 2𝜉 (𝐾𝑃 +
𝜆𝐵(1 − 2𝜈)
𝐸
)                                                                            (3.34) 
 
Equations 3.32 – 3.34 show that temperature sensitivity 𝐾𝑇 as a function of the 
coefficient of thermal expansion, 𝛼 and thermo-optic coefficient, 𝜉 and the 
pressure sensitivity 𝐾𝑃 is a function of the fibre parameters (Young’s modulus 
𝐸, Poisson’s ratio 𝑣, effective refractive index 𝑛𝑒𝑓𝑓, and the components of the 
fibre optic strain tensor (𝑃11, 2𝑃11) also known as the Pockels constants of the 
fibre). The coefficient of cross-sensitivity term 𝐾𝑇𝑃, from equation 3.35 shows 
the nonlinear relationship between the Bragg wavelength shift ∆𝜆𝐵 and changes 
in either temperature 𝛥𝑇 or pressure 𝛥𝑃. The cross sensitivity term 𝜒𝑐𝑠 is derived 
from equation 3.31 as: 
 
𝜒𝑐𝑠 = ∆𝑇∆𝑃 ∙ 𝐾𝑇𝑃 = ∆𝑇∆𝑃
𝐾𝑇𝐾𝑃
𝜆𝐵
+ 2𝜉 (𝐾𝑃 +
𝜆𝐵(1 − 2𝜈)
𝐸
)                                                        (3.35) 
 
when the FBG sensor is affected by three parameters (temperature, strain and 
pressure), the Bragg wavelength shift will be a function of temperature axial 
strain and transverse pressure represented by [20]: 
 
𝜆𝐵 = 𝜆𝐵(𝑇, 𝜀, 𝑃)                                                                                                                                        (3.36) 
 
Expanding equation 3.36 using the Taylor’s series expansion technique given 
as; 
𝜆𝐵 = 𝜆𝐵(𝑇0,  𝜀0,  𝑃0) + 𝜆𝐵 (∆𝑇
𝜕
𝜕𝑇
+ ∆𝜀
𝜕
𝜕𝜀
+ ∆𝑃
𝜕
𝜕𝑃
) 
+
1
2!
𝜆𝐵 (∆𝑇
𝜕
𝜕𝑇
+ ∆𝜀
𝜕
𝜕𝜀
+ ∆𝑃
𝜕
𝜕𝑃
)
2
+
1
3!
𝜆𝐵 (∆𝑇
𝜕
𝜕𝑇
+ ∆𝜀
𝜕
𝜕𝜀
+ ∆𝑃
𝜕
𝜕𝑃
)
3
 + ⋯ ⋯                  (3.37) 
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The shift in Bragg wavelength ∆𝜆𝐵 as a function of temperature, strain and 
applied pressure is derived from the Taylor’s series expansion as; 
 
∆𝜆𝐵 = 𝜆𝐵(𝑇, 𝜀, 𝑃) − 𝜆𝐵(𝑇0,  𝜀0,  𝑃0)
= 𝜆𝐵 (∆𝑇
𝜕
𝜕𝑇
+ ∆𝜀
𝜕
𝜕𝜀
+ ∆𝑃
𝜕
𝜕𝑃
) +
1
2!
𝜆𝐵 (∆𝑇
𝜕
𝜕𝑇
+ ∆𝜀
𝜕
𝜕𝜀
+ ∆𝑃
𝜕
𝜕𝑃
)
2
+
1
3!
𝜆𝐵 (∆𝑇
𝜕
𝜕𝑇
+ ∆𝜀
𝜕
𝜕𝜀
+ ∆𝑃
𝜕
𝜕𝑃
)
3
 + ⋯ ⋯                                                       (3.38) 
 
Expanding equation 3.38, ∆𝜆𝐵 can be expressed as: 
 
∆𝜆𝐵 = ∆𝑇
𝜕𝜆𝐵
𝜕𝑇
+ ∆𝜀
𝜕𝜆𝐵
𝜕𝜀
+ ∆𝑃
𝜕𝜆𝐵
𝜕𝑃
+ ∆𝑇∆𝜀
𝜕2𝜆𝐵
𝜕𝑇𝜕𝜀
+ ∆𝑇∆𝑃
𝜕2𝜆𝐵
𝜕𝑇𝜕𝑃
+ ∆𝜀∆𝑃
𝜕2𝜆𝐵
𝜕𝜀𝜕𝑃
+
1
2
∆𝑇2∆𝜀
𝜕3𝜆𝐵
𝜕𝑇2𝜕𝜀
+
1
2
∆𝑇∆𝜀2
𝜕3𝜆𝐵
𝜕𝑇𝜕𝜀2
+
1
2
∆𝑇2∆𝑃
𝜕3𝜆𝐵
𝜕𝑇2𝜕𝑃
+
1
2
∆𝑇∆𝑃2
𝜕3𝜆𝐵
𝜕𝑇𝜕𝑃2
+
1
2
∆𝜀2∆𝑃
𝜕3𝜆𝐵
𝜕𝜀2𝜕𝑃
+
1
2
∆𝜀∆𝑃2
𝜕3𝜆𝐵
𝜕𝜀𝜕𝑃2
+ +∆𝑇∆𝜀∆𝑃
𝜕3𝜆𝐵
𝜕𝑇𝜕𝜀𝜕𝑃
+ ⋯               (3.39) 
 
Equation 3.39 shows the ∆𝜆𝐵 is not only affected by ∆𝑇, ∆𝜀 and ∆𝑃, but also by 
a cross sensitivity term and other higher order terms. ∆𝜆𝐵 increases with 
geometry increase in ∆𝑇, ∆𝜀 and ∆𝑃. Neglecting the higher order terms, if ∆𝑇, 
∆𝜀 and ∆𝑃 values are small enough, the Bragg wavelength shift can be 
represented as: 
 
∆𝜆𝐵 ≈ ∆𝑇 ∙ 𝐾𝑇 + ∆𝜀 ∙ 𝐾𝜀 + ∆𝑃 ∙ 𝐾𝑃 + 𝜒𝑐𝑠                                                                                          (3.40) 
 
where 𝐾𝑇 , 𝐾𝑃, and 𝐾𝜀 are the coefficient of temperature, strain and pressure 
sensitivities respectively and 𝜒𝑐𝑠 is the cross sensitivity term.  
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The expression for 𝐾𝜀 is given by  
 
𝐾𝜀 = 𝜆𝐵 (1 − 𝑃𝑒)                                                                                                                                      (3.41) 
 
where 𝑃𝑒 is the effective strain-optic constant defined as; 
 
𝑃𝑒 =  
𝑛𝑒𝑓𝑓
2
2
[𝑃12 − 𝜈(𝑃12 + 𝑃12)] 
 
The expression for 𝐾𝑇 , 𝑎𝑛𝑑  𝐾𝑃 are already obtained in equations 3.32 and 3.33. 
The cross-sensitivity term 𝜒𝑐𝑠, in equation 3.39 is expressed as: 
 
𝜒𝑐𝑠 = ∆𝑇∆𝜀
𝜕2𝜆𝐵
𝜕𝑇𝜕𝜀
+ ∆𝑇∆𝑃
𝜕2𝜆𝐵
𝜕𝑇𝜕𝑃
+ ∆𝜀∆𝑃
𝜕2𝜆𝐵
𝜕𝜀𝜕𝑃
+
1
2
∆𝑇2∆𝜀
𝜕3𝜆𝐵
𝜕𝑇2𝜕𝜀
+
1
2
∆𝑇∆𝜀2
𝜕3𝜆𝐵
𝜕𝑇𝜕𝜀2
+
1
2
∆𝑇2∆𝑃
𝜕3𝜆𝐵
𝜕𝑇2𝜕𝑃
+
1
2
∆𝑇∆𝑃2
𝜕3𝜆𝐵
𝜕𝑇𝜕𝑃2
+
1
2
∆𝜀2∆𝑃
𝜕3𝜆𝐵
𝜕𝜀2𝜕𝑃
+
1
2
∆𝜀∆𝑃2
𝜕3𝜆𝐵
𝜕𝜀𝜕𝑃2
+ +∆𝑇∆𝜀∆𝑃
𝜕3𝜆𝐵
𝜕𝑇𝜕𝜀𝜕𝑃
+ ⋯                                                                                    (3.42)  
 
From equation 3.42, the cross sensitivity for double parameters (𝐾𝑇𝜀 , 𝐾𝜀𝑃, and 
𝐾𝑇𝑃) and triple parameters 𝐾𝑇𝜀𝑃 can be derived as: 
 
𝐾𝑇𝜀 =
𝜕2𝜆𝐵
𝜕𝑇𝜕𝜀
=
𝐾𝜀𝐾𝑇
𝜆𝐵
+ 2𝜉(𝐾𝜀 − 𝜆𝐵)                                                                                                  (3.43) 
 
𝐾𝑇𝑃 =
𝜕2𝜆𝐵
𝜕𝑇𝜕𝑃
=
𝐾𝑇𝐾𝑃
𝜆𝐵
+ 2𝜉 (𝐾𝑃 +
𝜆𝐵(1 − 2𝜈)
𝐸
)                                                                            (3.44) 
𝐾𝜀𝑃 =
𝜕2𝜆𝐵
𝜕𝜀𝜕𝑃
=
3𝐾𝜀𝐾𝑃
𝜆𝐵
− 2 (𝐾𝑃 +
(1 − 2𝜈)
𝐸
𝐾𝜀 −
𝜆𝐵(1 − 2𝜈)
𝐸
)                                                  (3.45) 
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𝐾𝑇𝜀𝑃 = 𝑀1 ∙ 𝐾𝑇 + 𝑀2 ∙ 𝐾𝜀 + 𝑀3 ∙ 𝐾𝑃 + 𝑀4 ∙ 𝐾𝜀𝐾𝑇 + 𝑀5 ∙ 𝐾𝑇𝐾𝑃 + 𝑀6 ∙ 𝐾𝜀𝐾𝑃 
+𝑀7 ∙ 𝐾𝜀𝐾𝑃𝐾𝑇 + 𝑀8                                                                                                                                (3.46) 
 
where 𝑀𝑖 , 𝑖 = 1 − 8 are all coefficients and are represented in Table 3.2 
 
Table 3.1 Equation 3.46 coefficient expressions 
Coefficient 𝑴𝟏 𝑴𝟐 𝑴𝟑 𝑴𝟒 𝑴𝟓 𝑴𝟔 𝑴𝟕 𝑴𝟖 
Expression 2(1 − 𝑣)
𝐸
 
10𝜉(1 − 𝑣)
𝐸
 
6𝜉 2(1 − 2𝑣)
𝜆𝐵𝐸
 
−2
𝜆𝐵
 
−4𝜉
𝜆𝐵
 
4 − 𝜆2𝐵
𝜆2𝐵
 
−8𝜉𝜆𝐵(1 − 2𝑣)
𝐸
 
 
Substituting (𝐾𝑇𝜀 , 𝐾𝜀𝑃, 𝐾𝑇𝑃) and 𝐾𝑇𝜀𝑃 into equation 3.42, the expression for the 
cross sensitivity term can be simplified as;  
 
𝜒𝑐𝑠 = ∆𝑇∆𝜀 ∙ 𝐾𝑇𝜀 + ∆𝑇∆𝑃 ∙ 𝐾𝑇𝑃 + +∆𝑇∆𝜀∆𝑃 ∙ 𝐾𝑇𝜀𝑃                                                                      (3.47) 
 
The cross sensitivity coefficients show the interactions between the mechanical 
and thermal effects on FBG when used for simultaneous measurement of 
temperature, strain and pressure. 
 
3.5 Results and analysis of FBG cross sensitivity 
The theoretical analysis and numerical simulation of the interactions between 
the physical properties of FBG sensors and the effect of external 
perturbations was performed. In equations 3.6 and 3.23, it can be shown that 
the cross sensitivity terms are affected not only by the external perturbations 
(temperature 𝛥𝑇 and pressure 𝛥𝑃) but also by the fibre materials properties 
(Young’s modulus 𝐸, Poisson’s ratio 𝑣, effective refractive index 𝑛𝑒𝑓𝑓 and the 
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components of the fibre optic strain tensor (P11, P11) also known as the 
Pockels constants of the fibre). The cross sensitivity effect of a FBG based 
sensor in most oil and gas applications is crucial and should be minimized. 
3.5.1 Cross sensitivity changes resulting from 
external perturbations 
The parameters of a uniform FBG are constant in most practical applications. 
Using silica fibre in the simulation in this case, the parameters are listed in the 
Table 3.3. Parameters used for the simulation are for analytical and illustrative 
purposes.  
Table 3.2 Silica fibre parameters for the cross sensitivity numerical simulation 
[3] 
Parameter  𝛂(/℃) 𝛏(/℃) 𝐧𝐞𝐟𝐟 𝐯 𝐄(𝐍/𝐦
𝟐) 𝛌𝐁(𝐧𝐦) 𝐏𝟏𝟏 𝐏𝟏𝟐 
Value 0.5
× 10−6 
7
× 10−6 
1.47 0.17 7 × 1010 1550 0.121 0.27 
 
3.5.1.1 Double parameters (Temperature and 
pressure) 
The cross sensitivity term 𝜒𝑐𝑠 in equation 3.47 was plotted and analysed against 
the external perturbation and the parameter used in this simulation are 
temperature 𝑇 =  0 −  200 ℃ and pressure 𝑃 =  0 −  200 𝑀𝑃𝑎. As shown in Figure 
3.10, the cross sensitivity term increases as the temperature and pressure 
increase. In addition, the growth rate of the cross sensitivity term increases 
with the increase in temperature and pressure. From the graph, it can be seen 
that the cross sensitivity term is greater than 4 𝑝𝑚 when the change in 
temperature 𝛥𝑇 and pressure 𝛥𝑃 get to about 180 ℃ and 180 𝑀𝑃𝑎 
simultaneously. 
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Fig 3.10 Cross sensitivity term changes with respect to both change in 
temperature and pressure 
The results of this analysis indicate that in most FBG based oil and gas 
applications where temperature and pressure measurements are relatively 
high, in order to obtain more accurate results, the cross sensitivity term must 
be taken into consideration and the effect minimized. 
 
 
 
3.5.1.2 Triple parameters (Temperature, strain and 
pressure) 
The parameters of silica fibre shown in Table 3.3 and the expressions of 
parameters for the triple parameters cross sensitivity 𝐾𝑇𝜀𝑃 in Table 3.2 for 
equation 3.47 are used for the simulation. The external perturbation 
parameters (𝑇, 𝜀 𝑎𝑛𝑑 𝑃.) used are 𝑇 =  0 −  100 ℃, 𝜀 =  0 –  1000 𝜇𝜀 𝑎𝑛𝑑 𝑃 =  0 −
 100 𝑀𝑃𝑎. The simulation results illustrated in a 4D colour graph in Figure 3.11 
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shows the cross sensitivity term when the FBG is affected by external 
perturbations. In order to reach a smaller value of 𝜒𝑐𝑠, the absolute value of  𝐾𝜀 
and 𝐾𝑃 should be large enough, on the contrary, 𝐾𝑇 should be small. However, 
if we use a FBG with a small value of 𝐾𝑇, the measurement for temperature will 
be inaccurate. In other words, we should design the FBG to have a smaller 
value of 𝜒𝑐𝑠 and an effective value of single-parameter sensitivity (i.e., 𝐾𝑇, 𝐾𝜀 
and 𝐾𝑃) in practical applications, rather than just considering the smallest value 
of 𝜒𝑐𝑠.   This term increases as 𝛥𝑇 and 𝛥𝜀 increase. However, the effect of 𝛥𝑃 
on the cross sensitivity term 𝜒𝑐𝑠 is so small that it can be neglected. From the 
graph, it can be seen that the maximum value for 𝜒𝑐𝑠  is 0.4𝑝𝑚/(℃・ 𝜇𝜀・𝑀𝑃𝑎). 
This value is very small that it can be hardly detected by most optical 
instrumentations and therefore, the effect of a triple parameter cross sensitivity 
can be neglected. 
 
               
Figure 3.11 Cross sensitivity term changes with respect to change in 
temperature, strain and pressure 
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3.5.2 Cross sensitivity changes resulting from the 
effect of fibre materials 
The influence of temperature sensitivity and pressure sensitivity on the cross 
sensitivity term while the external perturbations are kept constant was 
analysed and simulated.  
3.5.2.1 Double parameters (Temperature sensitivity 
and pressure sensitivity) 
Assuming the external perturbations 𝛥𝑇 =  200 ℃ and 𝛥𝑃 =  200 𝑀𝑃𝑎. From 
equation 3.35, 𝜒𝑐𝑠 is a function of both KT and KP and then their relationship 
indicates that 𝜒𝑐𝑠 is mainly affected by the pressure sensitivity 𝐾𝑃 but not the 
temperature sensitivity 𝐾𝑇. Meanwhile, with the increase of 𝐾𝑃  in the negative 
direction from −1 𝑝𝑚/𝑀𝑃𝑎 to −6 𝑝𝑚/𝑀𝑃𝑎, 𝜒𝑐𝑠 decreases from −1 𝑝𝑚 to −5 𝑝𝑚, 
which is not large enough to be separated by most of the spectral 
instruments. Therefore, the effect of fiber material on the cross sensitivity 
term could be ignored in this case.           
 
Figure 3.12 Cross sensitivity term changes with respect to change in the fibre 
materials for double parameters 
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3.5.2.2 Triple parameters sensitivity (Temperature, 
strain and pressure) 
In this case, the effect of the triple parameters sensitivity (𝐾𝑇, 𝐾𝜀 and 𝐾𝑃 ) on 
cross sensitivity term 𝜒𝑐𝑠 while the external perturbations are kept constant 
was simulated and analysed. The values of the external parameters used are 
𝛥𝑇 =  100 ℃, 𝛥𝜀 =  500 𝜇𝜀, and 𝛥𝑃 =  100 𝑀𝑃𝑎. The sensitivities values used are 
𝐾𝑇  =  5 −  20𝑝𝑚 /℃, 𝐾𝜀  =  0 − 10 𝑝𝑚 /𝜇𝜀 and 𝐾𝑃  =  −10𝑝𝑚/𝑀𝑃𝑎 to −1 𝑝𝑚/𝑀𝑃𝑎. 
Figure 3.13 shows the simulated result for the cross sensitivity term 𝜒𝑐𝑠 as a 
function of 𝐾𝑇, 𝐾𝜀 and 𝐾𝑃. From the figure, it is evident that as the absolute 
values of 𝐾𝜀 and 𝐾𝑃 increase, 𝜒𝑐𝑠 decreases. This shows that for 𝜒𝑐𝑠 to be 
minimized, the relative values of 𝐾𝜀 and 𝐾𝑃 must be very high. However, the 
value of 𝐾𝑇 decreases as 𝜒𝑐𝑠 decrease which depicts that it should be small in 
value for the effect of 𝜒𝑐𝑠 to be minimized. 
 
Figure 3.13 Cross sensitivity term changes with respect to change in the fibre 
materials for triple parameters 
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3.6 Identification of problem and summary 
To enhance the measurement accuracy of FBG and minimize the effect of cross 
sensitivity for multi-parameter fibre sensor for oil and gas based applications, 
the theoretical models of the cross sensitivity function have been developed 
and analysed. The simulated results which show the interactions between the 
physical properties of FBG and cross sensitivity depict that the cross sensitivity 
would change widely when external perturbations and fibre materials effects 
are very large. This is particularly very important for the selection of fibre 
parameters and coating materials during fabrication. 
To resolve the problem of cross sensitivity and improve the measurement 
accuracy of the FBG, the theoretical models of the cross sensitivity term 
affected by external fields, fibre material are deduced. The effects of the cross 
sensitivity on the measurement results are discussed by the numerical 
simulation with external fields. We can conclude that if the changes of external 
parameters are great enough, a theoretical correction can be conducted 
according to different environment. Besides, certain parameters of the fibre 
can be selected to fabricate FBG to reduce the effect of the cross sensitivity on 
the measurement results. 
The interaction of the physical parameters and light wave properties pose a 
serious cross sensitivity challenge to the reliability of the sensor [21 21]. 
Unfortunately theoretical models and analysis in addressing this challenge have 
been missing in literature. An effective model to address the behaviour of this 
interaction between the physical parameters and light wave properties is 
desired. This research addresses this problem by considering several sensor 
design configurations and analysed this interaction.  
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Chapter 4 introduces the well-known FP interferometer sensor configuration to 
investigate and analyse the spectral characterization of an FP sensor and the 
interaction with physical parameters. Preliminary results of this configuration 
is used to eliminate the issue of temperature-pressure cross-sensitivity and 
effectively improve the resolution of the sensor system. 
The concept of a metal coated hybrid sensing system is proposed in chapter 5. 
The theoretical design and analysis of a metal coated sensor is carried out. In 
this chapter, the model combines both optical and structural analysis to develop 
an optimal sensor system design that effectively tackle the issue of cross 
sensitivity. 
Lastly, miniature optical fibre sensor for high pressure and high temperature 
harsh environments using graphene diaphragm is reported in chapter 6. The 
interaction between the graphene layer, light properties and the physical 
parameters is analysed. This numerical analysis and simulation showed that 
the propose sensor exhibits; an excellent temperature response with good 
linearity and high sensitivity. The effect of temperature pressure cross 
sensitivity was eliminated.  
            
3.7 References 
[1] S. Shaari and S. Mah Chee, "Characteristics of large bandwidth fiber 
Bragg grating with short grating length," in ICSE 2000. 2000 IEEE 
International Conference on Semiconductor Electronics. Proceedings, pp. 
203-206, 2000. 
[2] W. Ecke, K. H. Jäckel, J. Schauer, and R. Willsch, "High Temperature 
Interferometric Displacement Measuring System for Fibre Optic Seismic 
87 
 
Sensors in Deep Borehole Applications," in Optical Fiber Sensors, 
Sapporo, 1996. 
[3] A. Othonos and K. Kalli, Fiber Bragg Gratings: Fundamentals and 
Applications in Telecommunications and Sensing: Artech House, 1999. 
[4] Y.-J. Rao, “In-ﬁbre bragg grating sensors,” Measurement science and 
technology, vol. 8, pp. 355–375, 1997 
[5] T. Erdogan, "Fiber grating spectra," Journal of Lightwave Technology, 
vol. 15, pp. 1277-1294, 1997. 
[6] W. W. Morey, G. Meltz, and W. H. Glenn, "Fiber Optic Bragg Grating 
Sensors," pp. 98-107, 1990. 
[7] M. Yamada and K. Sakuda, "Analysis of almost-periodic distributed 
feedback slab waveguides via a fundamental matrix approach," Applied 
Optics, vol. 26, pp. 3474–3478, 1987. 
[8] K. Ravijot and S. B. Manjit, "Effect of Grating Length on Reflection 
Spectra of Uniform Fiber Bragg Gratings," IJITT, vol. 3, pp. 63-67, 2011. 
[9] I. Abdallah, H. Rachida, and C. Mohamed, "Uniform Fiber Bragg Grating 
Modeling and Simulation used Matrix Transfer Method," IJCSI, vol. 9, pp. 
368-374, 2012. 
[10] H. S. Phing, J. Ali, R. A. Rahman, and B. A. Tahir, "Fiber Bragg Grating 
Modeling, Simulation and Characteristics with different Grating Lengths," 
Journal of Fundamental Sciences, vol. 3, pp. 167-175 2007. 
[11] A. Dinesh, P. Jai, S. Hardeep, and W. Amit, "Reflectivity and Bragg 
Wavelength in FBG," International Journal of Engineering Science and 
Technology, vol. 5, pp. 341-349, 2011. 
88 
 
[12] U. Sunita and V. Mishra, "Fiber Bragg Grating Modeling, Characterisation 
and Optimization with different Index Profiles," International Journal of 
Engineering Science and Technology, vol. 2, pp. 4463-4468, 2010. 
[13] A. Tahir, J. Ali, and R. A. Rahman, "Strain Measurement using FBG 
Sensor," American Journal of Applied Science, pp. 40-48, 2005. 
[14] R. Yun-Jiang, D. J. Webb, D. A. Jackson, Z. Lin, and I. Bennion, "In-fiber 
Bragg-grating temperature sensor system for medical applications," 
Journal of Lightwave Technology, vol. 15, pp. 779-785, 1997. 
[15] C. G. Askins, M. A. Putnam, and E. J. Friebele, "Instrumentation for 
interrogating many-element fiber Bragg grating arrays,", pp. 257-266, 
1995. 
[16] A. D. Kersey, M. A. Davis, H. J. Patrick, M. LeBlanc, K. P. Koo, C. G. 
Askins, M. A. Putnam, and E. J. Friebele, "Fiber grating sensors," Journal 
of Lightwave Technology, vol. 15, pp. 1442-1463, 1997. 
[17] A. D. Kersey, T. A. Berkoff, and W. W. Morey, "Multiplexed fiber Bragg 
grating strain-sensor system with a fiber Fabry–Perot wavelength filter," 
Optics Letters, vol. 18, pp. 1370-1372, 1993. 
[18] A. D. Kersey, J. R. Dunphy, and A. D. Hay, "Optical Reservoir 
Instrumentation System.", Offshore Technology Conference, 4-7 May, 
Houston, Texas, 1998. 
[19] K. T. V. Grattan and T. Sun, "Fiber optic sensor technology: an 
overview," Sensors and Actuators A: Physical, vol. 82, pp. 40-61, 2000. 
[20] M. f. Zhao, S. f. Wang, B. b. Luo, N. b. Zhong, and X. m. Cao, 
"Theoretical Study on the Cross Sensitivity of Fiber Bragg Grating Sensor 
Affected by Temperature and Transverse Pressure," Symposium on 
Photonics and Optoelectronics, pp. 1-4, 2010. 
89 
 
[21] G.-h. Han and W.-g. Zhang, "Method of correlation function for analyzing 
cross-sensitivity of strain and temperature in fiber grating sensors," 
Optoelectronics Letters, vol. 3, pp. 195-198, 2007. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
90 
 
Chapter 4 
4 Preliminary Investigation of Temperature 
and Pressure Measurement System for 
FBG/EFPI Sensing Technique 
4.1 Introduction 
As described from the theoretical analysis and numerical simulation in Chapter 
3, when an FBG sensor is subject to external parameters, the interactions 
between the physical properties of the sensor and the properties of cross 
sensitivity could change widely when external parameters and fibre material 
effects are very large. To overcome this limitation and minimise the effect of 
cross sensitivity in a FBG sensor, a multiplexed FBG/EFPI sensor for 
simultaneous measurement of temperature and pressure is presented. The 
optical fibre used is made of fused silica for downhole monitoring in oil and gas 
wells. Analysis of the spectral characterizations (basic sensor system 
configuration, finesse, fringe visibility, sensor mechanical analysis which 
includes diaphragm deflection, frequency response and stress distribution) are 
presented and a de-multiplexing mathematical model for the multiplexed 
sensor is proposed. This configuration is used to eliminate the issue of 
temperature-pressure cross-sensitivity and effectively improve the resolution 
of the sensor system. Experimental results show good linear relationship 
between the Bragg wavelength shift and the physical parameters (temperature 
and pressure), high sensitivity and high accuracy. 
In this work, the following contributions are made: 
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 Design and development of a sensor head comprising the use of FBG 
and EFPI for simultaneous measurement of temperature and pressure in 
permanent downhole monitoring of oil and gas wells.  
 Analysis of the spectral characterization of the multiplexed FBG and EFPI 
and the proposed mechanism for separating the FBG response from the 
EFPI.  
 Establishing a de-multiplexing mathematical model for the FBG and EFPI 
multiplexed sensor for temperature and pressure measurements 
respectively.  
The EFPI sensors have been designed and implemented for various physical 
parameter measurements such as temperature and pressure for downhole 
monitoring [1-8]. This is due to its high accuracy, resolution and reliability [6]. 
Its unique structure makes it possible to measure high pressure with minimal 
temperature cross-sensitivity. However, an EFPI sensor cannot be multiplexed, 
therefore it cannot perform distributed sensing along the fibre. FBG sensors 
are another type of optical based sensor used in downhole monitoring of 
temperature and pressure measurement [4, 9-11]. The FBG based sensors 
have distinctive advantages over the conventional electronic sensors and other 
optical fibre sensors due to its multiplexing capability that allows a single fibre 
with tens of gratings to carry out a wide range of parameter measurements 
with a simple package structure [12]. The limitation of FBG in measuring 
physical parameters is the issue of high temperature-pressure cross-sensitivity 
[13]. 
In this work, we present a sensor system design that combines the advantages 
of the simple structure of FBG for temperature measurement and high accuracy 
low temperature-pressure cross-sensitivity of the EFPI pressure sensor. This 
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configuration is used to eliminate the issue of temperature-pressure cross-
sensitivity and effectively improve the resolution of the sensor system. 
 
4.2 Theory and principles of fibre Bragg grating (FBG) 
and extrinsic Fabry-Perot interferometer (EFPI) 
Charles Fabry and Alfred Perot first proposed the concept of FPI to analyse the 
wavelength of light spectrum [14]. The schematic structure of the multiplexed 
FBG/EFPI sensor is shown in Figure 4.1. The white light broadband source is 
coupled into the single mode fibre. The light is propagated to the sensing head 
and the coupled reflected interference signal from the sensing head is passed 
through a 2x2 3 𝑑𝐵 fibre coupler to an optical spectrum analyzer. As shown in 
Figure 4.1, the light propagation is reflected at the FBG, the end-face of the 
fibre and the inside and outside interfaces of the diaphragm. The end-face of 
the fibre and the interfaces of the diaphragm formed a low-finesse EFPI. By 
‘low-finesse’ it refers to a weak reflection created by these interfaces. The FBG 
has a narrow bandwidth with high reflectivity whereas in the low-finesse EFPI, 
a fraction of the incident light (4 %) is reflected first at the end-face of the fibre 
and is coupled back into the fibre. The remaining transmitted light propagates 
into the air cavity of the inside and outside interfaces of the diaphragm. The 
reflections at the interfaces are recoupled back into the fibre to form an 
interference pattern. The interference formed is as a result of the phase 
difference between the transmitted and reflected light which is dependent on 
the low-finesse EFPI cavity length 𝑙. Due to the weak reflection of the endface 
of the fibre, multiple reflections have negligible contribution to the interference 
pattern formed. 
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Figure 4.1 Schematic of the FBG/EFPI sensing configuration (sensing head 
showing configuration and dimensions) 
A schematic of the EFPI cavity between the end-face of the optical fibre and 
the reflective mirror image is shown in Figure 4.1. It can be shown that the 
light is reflected back and forth between the fibre end-face and the reflected 
mirror image and others are transmitted from the cavity onto the reflected 
mirror image. Assuming normal incidence, the reflection coefficient 𝑟 according 
to Fresnel law can be expressed as [6]; 
 
                            𝑟 =
(𝑛1−𝑛2)
2
(𝑛1+𝑛2)2
                                                          (4.1) 
 
where 𝑛1 and 𝑛2 are the refractive indices of both the optical fibre and the 
reflective material respectively. For simplicity, the optical modulation of the 
signal is assumed to be two-beam interference and the optical path difference 
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between these two beams is given by ∆𝑑. Due to the weak reflection of the 
end-face of the fibre, multiple reflections have negligible contribution to the 
interference pattern formed. The interference pattern induced by the low-
finesse EFPI can be expressed as [15, 16] 
 
              𝐼(𝜆, 𝐿) = 𝐼1
2 +  𝐼2
2 + 2𝐼1𝐼2𝑐𝑜𝑠 (
4𝜋𝑛𝐿
𝜆
+  𝜑0)                                  (4.2) 
 
where 𝐼1 and  𝐼2 are the light intensities reflected at the endface of the SMF-28 
and the interface of the diaphragm respectively, 𝑛 is the refractive index of the 
air cavity, 𝐿 is the EFPI cavity length, 𝜑0 is the arbitrary initial phase difference 
and 𝜆 is the optical wavelength.  
The analytical expression for the reflected light power of EFPI is given by [16]  
 
                                     𝑃 =
𝐹𝑠𝑖𝑛(
𝜑
2
)
2
1+ 𝐹𝑠𝑖𝑛(
𝜑
2
)
2                                             (4.3) 
 
where 𝑃 is the total light reflected power with respect to the phase 𝜑, 𝐹 is the 
coefficient of finesse defined as   
 
                                             𝐹 =  
4𝑅
(1−𝑅)2
                                          (4.4) 
 
𝐹 measures the broadness of the spectrum peaks, 𝑅 is the coefficient of 
reflection power. 𝜑 is the phase which is expressed as  
 
                                            𝜑 =
4𝑛𝑐𝑙
𝜆
                                               (4.5) 
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𝑛𝑐𝑙 is the optical path difference, 𝑛𝑐 is the index of refraction, 𝑙 is the path 
length and 𝜆 is the wavelength.  
                        
 
Figure 4.2 Intensity for mirror reflectivity of R=55%, R=85% and R=95%  
The reflected intensity for the mirror reflectivities of 𝑅 = 55%, 𝑅 = 85% and 𝑅 =
95% is shown in Figure 4.2. As the reflectivity increases, the peak becomes flat 
and the bandwidth increases. This is as a result of the EFPI to conserve energy 
as the mirror reflectivity increases. Equation 4.5 showed the inverse 
relationship between the phase value and the wavelength. Figure 4.3(a) shows 
the calculated phase shift 𝜑 as a function of path length 𝑙 for a standard SMF 
at a wavelength of 𝜆 = 1550 𝑛𝑚. The phase shift increases from 30° to 98° when 
the path length is changed from 0 to 100 𝜇𝑚. As the phase value decreases, the 
wavelength increase as shown in Figure 4.3(b). 
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Figure 4.3 Calculated phase shift as a function of both path length and 
wavelength. (a) Phase shift as a function of path length 𝑙 (b) Phase shift as 
function of wavelength 𝜆 
 
The coefficient of finesse 𝐹 also increases as 𝑅 increase resulting in narrow 
peak. The maximum reflected power occurs when 𝑠𝑖𝑛 (
𝜑
2
)
2
= 1 (criterion for both 
constructive and deconstructive interference). 𝜑 = (2𝑚 + 1)𝜋 for constructive 
interference and 𝜑 = 2𝜋𝑚 for destructive interference, where 𝑚 is an integer, 
both leading to 𝑚𝜆 4⁄ = 𝑛𝑙 and 
𝑚𝜆
2⁄ = 𝑛𝑙 respectively. 
Assuming the index of refraction 𝑛𝑐 to be 1, the constructive interference will 
be a multiple of a quarter wavelength of the optical thickness while for 
deconstructive interference, the wavelength will be a multiple of the optical 
thickness.  
The finesse is one important parameter that measures the performance of the 
EFPI. It is referred to as the ratio of the free spectra range (FSR) to the full 
width at half maximum (FWHM) which is expressed as; 
 
                                         ℱ =
𝐹𝑆𝑅
𝐹𝑊𝐻𝑀
                                                       (4.6) 
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The 𝐹𝑆𝑅 is defined by 
                                           𝐹𝑆𝑅 =  
𝜆0
2
2𝑛𝑙
                                                   (4.7) 
 
where 𝜆0 is the wavelength of the first reflectance minima, and 𝑛𝑙 is the optical 
thickness of the FP. The equation indicates that 𝐹𝑆𝑅 has an inverse relationship 
with 𝑛𝑙 which shows that as 𝐹𝑆𝑅 decreases, the cavity length increases. 
4.2.1 Fringe Visibility of EFPI sensor 
Fringe visibility is another measure of performance of the EFPI. This 
performance parameter is so important because it helps in the design, 
optimization and fabrication of the sensor. The visibility is the measure of depth 
of the reflectivity peak which is defined as  
 
                                  𝑉 =  
𝑃𝑚𝑎𝑥− 𝑃𝑚𝑖𝑛
𝑃𝑚𝑎𝑥+ 𝑃𝑚𝑖𝑛
                                                (4.8) 
 
where 𝑃𝑚𝑎𝑥 is the maximum reflected power, 𝑃𝑚𝑖𝑛 is the minimum reflected 
power in the reflected mode. For a non-converging beam, the visibility is always 
1 [19]. In practical applications, the fringe visibility can be measured in two 
different ways depending on the light source of that application. For laser-based 
FP sensor systems, where the fringes are a function of the path length and the 
light wavelength is fixed, the fringe visibility is measured by carefully tuning 
the path length of the FP cavity and reading the maximum and minimum output 
of the power. In a white-light sensor systems, spectrometer is used to measure 
spectral fringes directly and the maximum and minimum output power are 
easily readable. Also, the two surfaces on the FP sensor system are not parallel 
to each other because of the limitation in fabrication accuracy. This causes the 
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FP cavity thickness to vary and has the cavity geometry to become that of a 
wedge. Here, the impact of the wedge on fringe visibility is studied and 
analysed. The surface roughness of the lead-in fibre and the mirror image 
caused as a result of the wedge is considered in this design. Due to the extreme 
high temperature operations, the fibre in the sensor system could easily deform 
which can introduce most of the surface roughness, imperfection and 
misalignment.  
 
In this analysis, the assumption that the reflectivity of the surface plane of the 
lead-in fibre is perpendicular to the fibre axis 𝑧,  while the reflectivity is tilted to 
form a wedge angle of 𝜃 with respect to the reflectivity of the of the surface 
plane of the lead-in fibre. The essence of this wedge is to produce a linear 
phase change across the beam and a spatial displacement between the electric 
fields of both the lead-in fibre and the reflected mirror at the surface plane of 
the mirror image. From the expression of the interference signal  
 
𝐼(𝜆, 𝑙) = (𝐸1 + 𝐸2)(𝐸1 + 𝐸2)
∗ 
 
                           = 𝐼0(𝜆)𝐾 [1 + |𝜂|cos (
4𝜋𝑙
𝜆
+ 𝜋 − 𝜑(𝜆, 𝑙))]                           (4.9) 
 
where 𝐼(𝜆, 𝑙) is the initial light source power spectrum, 𝐾 is a transmission and 
reflection loss at the two ends and 𝜂 is the coupling coefficient. The normalised 
spectrum is then expressed as  
 
                           𝐼(𝜆, 𝑙) = 1 + |𝜂|cos (
4𝜋𝑙
𝜆
+ 𝜋 − 𝜑(𝜆, 𝑙))                             (4.10) 
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This expression shows that the interferometer signal is not only affected by the 
length of the propagation in free space but also the light coupling from free 
space back to the lead-in fibre. The effect of the FP cavity optical path length 
between the end-faces on the fringe visibility is shown in Figure 4.4. This shows 
the fringe visibility as a function of the path length at different wedge angles. 
Overall, its seen that the fringe visibility decreases with increase in path length.  
 
                   
Figure 4.4 Fringe visibility as a function of path length for different wedge 
angles 
 
For a perfect sensor (sensor with no surface roughness, wedge angle = 0°), the 
fringe visibility drops from 100% to 81% (by 19%) when the path length 
increases from 0 to 100 𝜇𝑚, 95% to 65% (30%) for the sensor with wedge angle 
of 2° and 30% (from 70% 𝑡𝑜 40%) for the sensor with wedge angle of 4°. The 
fringe visibility decreases more quickly as the path length decreases for each 
wedge. For the perfect sensor with wedge angle of 0°, the visibility decreases 
by 19% when the path length increases from 0 to 100 𝜇𝑚. However, the visibility 
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drops by 3.9% when the path length increases for 0 to 40 𝜇𝑚. In most practical 
applications, the path length of the sensor is usually less than 100 𝜇𝑚. 
Therefore, the fringe visibility degradation with respect to the path length is 
acceptable to most practical applications. Significant large wedge angles can 
cause a decrease of fringe visibility; in this case, care must be taken when 
focusing laser light to obtain a more acceptable fringe visibility. 
4.2.2 Diaphragm model and analysis 
The diaphragm mechanical model and analysis considers the deflection of the 
diaphragm under static and dynamic pressure. The EFPI cavity length 𝑙 changes 
with deflection of the diaphragm when there is difference in pressure between 
the inside and outside surfaces of the diaphragm. The diaphragm theory is 
particularly important in understanding the key parameters that can influence 
the diaphragm performance. The thickness, diameter and thickness can all be 
optimised to enhance the sensor performance. Some of the diaphragm 
characteristics to be covered in this section are the diaphragm deflection, 
frequency response and pressure sensitivity.   
 
 
 
 
4.2.3 Diaphragm deflection under pressure 
The variation of the cavity length ∆𝐿 under the influence of pressure difference 
∆𝑃 is expressed in equation 4.11 [17], where 𝑟 is the radius of the diaphragm 
defined by the inner diameter of the outer capillary tube, ℎ is the thickness of 
the diaphragm, E is Young’s Modulus and 𝜈 is Poisson’s ratio. 
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                     ∆𝐿 =   
3(1−𝜈2)𝑟4
16𝐸ℎ3
∆𝑃                                                                    (4.11) 
 
The structure of the diaphragm when pressure is applied is depicted in Figure 
4.5. 
                         
Applied Pressure P
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   Figure 4.5 Deflection curve of diaphragm under Pressure 
 
The sensitivity of the diaphragm can be expressed as [15]  
 
𝜕𝑑𝑖𝑎 = 1.71 ×  10
−8 ×
𝑟4
ℎ3
      (
𝜇𝑚
𝑘𝑃𝑎⁄ )                                           (4.12) 
 
The deflection curve when subject to pressure difference is given as  
 
               𝑦 =
3(1−𝜈2)𝑟4
16𝐸ℎ3
 [1 − (
𝑎
𝑟
)
2
]
2
=  𝑦𝑚𝑎𝑥 [1 − (
𝑎
𝑟
)
2
]
2
                      (4.13) 
 
This expression is only valid when the deflection is less than or equal to 30% 
of the diaphragm thickness (i.e  𝑦𝑚𝑎𝑥 ≤ 0.3ℎ) 
Figure 4.6 shows the deflection variation from the minimum point at the edges 
to the maximum point at the centre for a circular diaphragm.  
 
102 
 
                 
Figure 4.6 Diaphragm deflection curve when subject to applied pressure 
 
MATLAB was used to carry out a three dimensional simulation of the diaphragm 
deflection as shown in Figure 4.7  
                       
Figure 4.7 Three dimensional simulation of the diaphragm deflection under 
applied pressure 
 
For measurement of static and dynamic high pressure with high sensitivity, the 
EFPI cavity length, the thickness and diameter of the diaphragm are key 
parameters that need to be properly analysed. The diaphragm diameter is 
usually measured or determined from the capillary geometry. In this case, the 
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radius of the diaphragm is the same as the radius of the inner diameter of the 
outer capillary tube. 
Knowing the pressure range to be measured, the minimum thickness of the 
diaphragm needs to be ascertained. This is expressed in the following equation 
[18]. 
                                   ℎ𝑚𝑖𝑛 = 𝑟 (
5(1−𝜈2)𝑃𝑚𝑎𝑥
8𝐸
)
1
4
                                    (4.14) 
 
In Figure 4.8(a), it can be seen that to sense high pressure, the thickness of 
the diaphragm and the diameter must be reasonably high. As a rule of thumb, 
in order to obtain a linear response of the diaphragm, the maximum deflection 
due to applied pressure should not exceed 30% of the diaphragm thickness. 
 
Figure 4.8 Simulated diaphragm thickness against maximum pressure 
required (a) shows for large pressure range (b) small pressure range 
 
Figure 4.8(a) shows that for a diaphragm thickness with radius of 600 𝜇𝑚, for 
applied pressure of 5000 –  10000 𝑝𝑠𝑖, the thickness should be approximately 
between 25 − 30 𝜇𝑚. For applied pressure of 10 − 20 𝑘𝑃𝑎, the thickness should 
be approximately between 5 − 10 𝜇𝑚 as shown in Figure 4.8(b). This shows that 
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for pressure measurement, a diaphragm with high diaphragm deflection 
sensitivity is required. 
 
4.2.4 Diaphragm sensitivity 
The sensitivity of the diaphragm to pressure difference, as one of the most 
important performance indexes, is defined by the ratio of the deflection 𝑦 to 
the applied pressure [15]. 
 
                          𝜕𝑑𝑖𝑎 =
𝑦
𝑃
=  
3(1−𝜈2)𝑟4
16𝐸ℎ3
                                        (4.15) 
The simulation result of the pressure sensitivity with respect to the diaphragm 
thickness is shown in Figure 4.9. This shows that the pressure sensitivity is 
inversely proportional to the diaphragm thickness. 
     
Figure 4.9 Simulated pressure sensitivity of the sensor for different 
diaphragm effective radius 
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4.2.5 Diaphragm frequency response  
The diaphragm frequency response is another very important design 
consideration for the sensing head performance after the sensitivity of the 
diaphragm. When the diaphragm is modelled at a free vibrating circular plate 
that is clamped solidly at the edge, the natural frequency  𝑓𝑚𝑛 (𝐻𝑧) is expressed 
as [17] 
 
𝑓𝑚𝑛 =  
𝛼𝑚𝑛
4𝜋
√
𝐸
3𝑤(1−𝜈2)
   (
ℎ
𝑟2
)                                                         (4.16) 
 
where 𝛼𝑚𝑛 is a constant related to the vibrating modes of the diaphragm and 
𝑤 is the mass density of the diaphragm material. For aluminium, the lowest 
natural frequency, 𝛼00 = 10.21 [19], the frequency response of the diaphragm 
can be calculated as  
 
𝑓00 = 2.742 ×  10
9 ×
ℎ
𝑟2
      (𝐻𝑧)                                                    (4.17) 
 
For the diaphragm to respond to dynamic applied pressure, the sensor natural 
frequency should be at least 3 − 5 times higher than the applied frequency [16]. 
Figure 4.10 shows that the natural frequency response of the sensor is 
proportional to the diaphragm thickness and inversely proportional to the 
square of the effective radius. This is contrary to the sensitivity of the 
diaphragm as depicted in Figure 4.9. Therefore, a trade-off is applied to the 
sensor design. For the purpose of this work, a diaphragm thickness of 40 𝜇𝑚 
and effective radius of 800 𝜇𝑚 is selected. This gives the pressure sensitivity of 
9.4 𝑛𝑚/𝑘𝑃𝑎 and a natural frequency of 271.4 𝑘𝐻𝑧.  
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Figure 4.10 Simulated natural frequency of the sensor as against diaphragm 
thickness 
 
 
 
 
 
 
4.3 FBG sensor model analysis 
The shift in Bragg wavelength is related to the coefficient of thermal expansion, 
refractive index variations and the grating period. The shift in wavelength ∆𝜆𝐵|𝑇 
as a result of temperature changes 𝛥𝑇 is described by [20] 
∆𝜆𝐵|𝑇 = 𝜆𝐵(𝛼 +  𝜉)∆𝑇                                                                                                                   (4. 18)  
𝛼 =  
1
𝛬
(
𝜕𝛬
𝜕𝑇
) 
 
 𝜉 =
1
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where 𝛼 is the thermal expansion coefficient and 𝜉 is the thermo-optic 
coefficient. Study has also shown that the temperature sensitivity of a typical 
bare optical fibre is given as 13.7 𝑝𝑚/℃ at a wavelength of 1550 𝑛𝑚, 
corresponding to a change of 13.7 𝑝𝑚 for applying a temperature of 1℃ to the 
fibre grating [20]. An example of a Bragg wavelength shift due to applied 
temperature on a 1548.20 𝑛𝑚 gratings is shown in Figure 4.11. 
 
 
              
Figure 4.11 Bragg wavelength shift with applied temperature on a 1548.20 𝑛𝑚 
gratings 
4.4 Fabrication of the multiplexed sensor head 
The performance of the sensor is very much dependent on the material 
selection. The properties of the selected material such as the thermal expansion 
coefficient, strength of the material, thermal conductivity, melting and boiling 
points etc affect the performance of the sensor. Also, the quality during 
fabrication affects the sensor performance. In this section, the detail of the 
sensor head fabrication is described.  
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The multiplexed sensor was fabricated (Figure 4.12) using a single mode SMF-
28  9 125⁄  𝜇𝑚, 120 220⁄  𝜇𝑚 inner/outer diameter glass capillary and a diaphragm 
made of aluminum with thickness of 40 𝜇𝑚 and diameter of 800 𝜇𝑚 from design 
specification shown in Figure 4.1. The end-face of the SMF-28 and the glass 
capillary were polished to give smooth surfaces and the SMF-28 was fed into 
the glass capillary making sure that the FBG was placed centrally within the 
glass capillary. The 120 220⁄  𝜇𝑚 glass capillary with the SMF-28 was inserted 
into another glass capillary of 250 800⁄  𝜇𝑚 inner/outer diameter to keep the FBG 
from external strain and pressure. The SMF-28 was bonded to the inner glass 
capillary providing a displacement of approximately 100 𝜇𝑚 from the tip of the 
SMF-28 to the diaphragm and the inner capillary also was bonded to the outer 
capillary. The cleaved end of the outer capillary was bonded to the diaphragm. 
                                                                                                                             
 
Figure 4.12 Fabricated multiplexed FBG/EFPI sensor head (The sensing head 
placed close to a pound coin to show the small size) 
4.5 Sensor signal processing and interrogation  
The normalised reflection spectrum of the FBG/EFPI based multiplexed sensor 
is shown in Figure 4.13. The reflected Bragg wavelength peak of the FBG can 
be easily detected and read by the optical spectrum analyzer (Yokogawa 
AQ6375B OSA)  at 1550 𝑛𝑚 which makes the temperature to be modulated 
independent from the effect of pressure.  
109 
 
The EFPI cavity reflection interference spectrum relationship of the sensor head 
is given in equation 4.2. When the cavity length of the EFPI changes, there is 
a corresponding shift in the spectrum and the interference frequency fringe 
changes in the wavelength domain. The cavity length can be measured by 
tracking the variation of the interference frequency fringe. 
From literature, signal processing methods such as two-point peak wavelength 
interrogation [19], wavelength-tracking [20] and Fourier transform [21] 
techniques have been widely reported and used to calculate the cavity length 
of EFPI based sensors. All these spectral domain signal processing methods are 
based on equation 4.2 which relates the interference frequency fringe to the 
cavity length of the EFPI sensor. 
The two-point interrogation method is simple, and capable of absolute 
measurement. It has high resolution, accuracy and speed of measurement. The 
linear range is also very high. The peak wavelength-tracking method is not 
capable of absolute measurement and the measurement range is very limited. 
The Fourier transform method is capable of absolute measurement and has a 
large linear range. It has a high resolution but the accuracy is rather low.  
In this work, the two-point interrogation method of signal processing is applied 
to demodulate the interference signal because of its simple nature and 
advantages. The FP cavity length can be expressed as   
 
                                       𝐿 =  
𝜆1𝜆2
2(𝜆1− 𝜆2)
                                     (4.19) 
 
where 𝜆1 >  𝜆2 and they are the wavelength of the two adjacent peak points in 
the interference spectrum. 
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The interference spectrum of the multiplexed sensor head must be de-
multiplexed by the signal processing instrumentation before accurate 
measurement of temperature and pressure can be determined. In order to 
accurately model the de-multiplexed FBG/EFPI sensor head, the noise in the 
interference signal must be removed. This is true because the noise in an FBG 
and EFPI demodulated signal is seen as mainly Gaussian white noise.  
 
Figure 4.13 Reflection spectrum of FBG/EFPI multiplexed sensor 
 
When the light with intensity 𝐼𝑖𝑛 from the white light broadband source is 
incident on the FBG, there is a narrow band reflection which can be expressed 
as 𝐼1 =  𝐼𝑖𝑛 𝐹𝑓𝑏𝑔(𝜆)  
where 𝐹𝑓𝑏𝑔(𝜆) is the reflection spectrum of FBG which can be described by the 
Gaussian function, where 𝜀𝑖 is the measurement error. 
                         𝐹𝑓𝑏𝑔(𝜆) = 𝑅 𝑒𝑥𝑝 {
−(𝜆1−𝜆𝐵)
2
𝑐2
} +  𝜀𝑖                          (4.20) 
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The remaining light signal is transmitted through the FBG and it is represented 
as 𝐼2 which can be expressed as  
 
                  𝐼2 =  𝐼𝑖𝑛 −  𝐼1  =   𝐼𝑖𝑛 (1 − 𝐹𝑓𝑏𝑔(𝜆))                                        (4.21) 
 
The transmitted light signal 𝐼2 is incident on the EFPI cavity sensor which is 
reflected to form an interference fringe pattern 𝐼3 expressed as 𝐼3 =  𝐼2𝐹𝑓𝑝(𝜆) 
where 𝐹𝑓𝑝(𝜆) is the reflection spectrum of the EFPI interference fringe pattern 
and this is expressed as an approximation of Equation 4.2 to be 
 
                        𝐹𝑓𝑝(𝜆) = 2𝑟 [1 + 𝑐𝑜𝑠 (
4𝜋𝐿
𝜆
+  𝜑)]                                       (4.22) 
 
where 𝑟 is the low-finesse reflectivity of the SMF-28 endface, 𝜑 is the arbitrary 
initial phase difference, 𝐿 is the cavity length and 𝜆 is the reflected wavelength. 
The reflected signal from the EFPI cavity is transmitted through the FBG again 
to give a signal of 𝐼4 expressed as 
 
           𝐼4 =  𝐼3 (1 −  𝐹𝑓𝑏𝑔(𝜆)) =  𝐼𝑖𝑛  (1 −  𝐹𝑓𝑏𝑔(𝜆))
2
∗  𝐹𝑓𝑝(𝜆)             (4.23) 
 
The total reflected signal from the multiplexed sensor head is given as 𝐼𝑜𝑢𝑡 =
𝐼1 +  𝐼4 
 
              𝐼𝑜𝑢𝑡 =  𝐼𝑖𝑛  [𝐹𝑓𝑏𝑔(𝜆)  +   (1 − 𝐹𝑓𝑏𝑔(𝜆))
2 ∗ 𝐹𝑓𝑝(𝜆)]                    (4.24) 
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From equation 4.24, the reflection spectrum of the interference pattern is not 
just a simple sum of both the FBG and EFPI reflection spectra. During the signal 
processing, the FBG reflection peak wavelength along with the EFPI spectrum 
will cause the result to offset the effect of temperature measurement accuracy 
of the FBG. To get the accurate FBG reflection spectrum signal of the FBG, 
equation 4.24 is expanded to form a quadratic equation and the solution gives 
the accurate FBG reflection spectrum. A Gaussian nonlinear curve fit is used to 
obtain the peak of the spectrum. 
 
𝐹𝑓𝑝(𝜆) ∗ 𝐹𝑓𝑏𝑔
2(𝜆) + (1 −  2𝐹𝑓𝑝(𝜆)) ∗ 𝐹𝑓𝑏𝑔(𝜆) + 𝐹𝑓𝑝(𝜆) +  
𝐼𝑜𝑢𝑡
𝐼𝑖𝑛
= 0                          (4.25) 
 
The FBG demodulated signal is obtained as the solution of the quadratic 
equation of the multiplexed signal given as  
 
         𝐹𝑓𝑏𝑔(𝜆) =  
− (1−2𝐹𝑓𝑝(𝜆)) ± √(1− 2𝐹𝑓𝑝(𝜆))
2
−4𝐹𝑓𝑝(𝜆)(𝐹𝑓𝑝(𝜆)−
𝐼𝑜𝑢𝑡
𝐼𝑖𝑛
⁄ )
2𝐹𝑓𝑝(𝜆)
                  (4.26) 
 
4.6 Experiment and Discussion 
To evaluate the signal processing, demodulation system performance and the 
developed sensor head, a testing system was setup. This experiment was 
carried out in collaboration with the International School of Photonics, Cochin 
University of Science and Technology, Cochin, India. A temperature controlled 
oven for temperature measurement was used. The temperature range of the 
oven is from room temperature to 400 ℃. Also, hydrostatic pressure was applied 
to the sensor head as shown in Figure 4.14. A water column of height 80 𝑐𝑚 
was filled with water. The sensor head was immersed into the water column to 
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a height of 20 𝑐𝑚 from the top of the water level and the initial spectrum was 
taken by the OSA. The hydrostatic pressure was then increased by 
incrementing the height by 10 𝑐𝑚 and further spectral readings were taken. The 
pressure varies linearly as a function of height. 
        
7 
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Figure 4.14 Experimental setup for pressure measurement 
 
Figures 4.15 and 4.16 show the calibration curves of the temperature and 
pressure multiplexed sensor respectively. These results show that the Bragg 
wavelength shift increased with an increase in temperature and decreased with 
an increase in pressure. Furthermore, these results show good linearity, high 
sensitivity and good degree of fitting. The temperature sensitivity coefficient 
was found to be 18 /℃ . The pressure sensitivity was found to be 12 𝑝𝑚/𝑀𝑃𝑎, 
which is about four times the value of 3.04 𝑝𝑚/𝑀𝑃𝑎 reported in [22]. 
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Figure 4.15 Bragg wavelength shift as a result of temperature variation 
 
    
Figure 4.16 Bragg wavelength shift as a result of pressure variation 
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4.7 Summary 
In this chapter, the design and development of a multiplexed FBG/EFPI sensor 
head for simultaneous measurement of temperature and pressure in 
permanent downhole monitoring of oil and gas wells was presented. The 
theoretical characteristics of a circular diaphragm when subject to external 
pressure is were analysed and studied. 
A demultiplexing mathematical model for the FBG/EFPI multiplexed sensor for 
temperature and pressure measurements respectively is proposed. Preliminary 
results investigating the effect of pressure and temperature on the Bragg 
wavelength shows good linearity, high sensitivity and good degree of fitting 
thereby making the sensor suitable for downhole monitoring of oil and gas 
wells. The sensor system design combines the advantages of the simple 
structure of FBG for temperature measurement and high accuracy low 
temperature-pressure cross-sensitivity of the EFPI pressure sensor. This 
configuration is used to eliminate the issue of temperature-pressure cross-
sensitivity and effectively improve the resolution of the sensor system.  
However, the major limitation to this dual sensing configuration is the fact that 
the glass capillary and the aluminium material used for the sensor coating have 
inherent fragility when the external parameters exceed beyond certain limit. 
Technique for protecting the fibre when exposed to HPHT environments while 
still have the capacity to minimise the effect of cross sensitivity of the sensor 
is investigated in Chapter 5. 
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Chapter 5 
5 Design and analysis of a sensing system for 
high pressure and temperature measurement  
5.1 Introduction 
In this chapter, the technique for protecting the optical fibre sensor when 
exposed to HPHT environments while still having the capacity to minimise the 
cross sensitivity effect of the sensor is investigated. The optical fibre mainly 
composed of germanium silicate is so fragile that it tends to fail or suffer 
damage when used in HPHT environments due to the high non-uniform stress, 
strain or thermal loads. In particular, a protective metal layer is necessary to 
overcome the problems. The technique for chemical plating and electroplating 
of nickel are both well-documented, however, application of these techniques 
for acquiring high-quality metal-coatings of desired thickness on optical fibre 
with in-fibre Bragg grating requires future research. It is necessary to study 
the characterization of the metal coat as well as the behaviour of the sensor 
under thermal loads. It is found that FBG with different metal coating thickness 
have different temperature sensitivities. 
The theoretical design and analysis of a metal coated hybrid sensing system of 
FBG and EFPI cavity for HPHT measurement in harsh environments is 
presented. The FBG and EFPI are used to measure temperature and pressure 
respectively. An opto-mechanical model that assesses the measurement of 
HPHT for downhole applications with hybrid sensing system was developed.  
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In this model, the effect of metal coating on a sensor is studied. The model 
combines both optical and structural analysis for developing an optimal sensor 
system design. The optical analysis is carried out to obtain the spectral 
response of the sensor while the structural analysis is used to obtain the change 
in optical properties of the sensor due to photo-elastic effect. Analytical results 
showed that the temperature sensitivity of the hybrid sensor with double layer 
metal coated FBG increased to 23.89 𝑝𝑚/ °𝐶 when compared with single metal 
coated FBG of 13.95 𝑝𝑚/ °𝐶 from previous study and the associated pressure 
range to be measured up to 5000 𝑘𝑃𝑎. Furthermore, the proposed sensor design 
has shown good linearity. While the single coated FBG sensor shows little 
sensitivity, the sensitivity increases with the metal coating of the sensor. 
The effect of temperature on FBG is due to two factors: (i) the dependence of 
the refractive index of the glass to temperature and (ii) the thermal expansion 
of the of the glass. In silica fibres, approximately 95% of the observed shift in 
the Bragg wavelength occurs due to the shift in the refractive index of the fibre 
with respect to temperature changes. A bare FBG temperature sensor with a 
wavelength of 1.3 𝜇𝑚 over the range of 5 ℃ to 85 ℃ gives a normalized 
responsivity of 6.67 × 10−6 ℃−1[1]. A typical value for thermal response at  
1550  𝑛𝑚 is 0.01  𝑛𝑚/℃. At higher temperature the sensitivity is higher and the 
response becomes slightly nonlinear [2]. An FBG is essentially not very 
sensitive to the change of the external refractive index [3]. By attaching the 
FBG  to  passive  devices,  the  thermal  characteristics  of  the  materials  can  
be  used  to  control  the sensitivity of the FBG wavelength to temperature.   
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An hybrid FBG/EFPI sensor based on single metal layer coating has been 
reported [4-6]. However, the single coated sensors suffer significantly from low 
sensitivity when use in elevated HPHT environments in the oil and gas industry. 
The sensitivity requirement of FBG sensors in oil and gas applications is very 
important and is usually of high magnitude.  
Several techniques of metallic coating on FBG have been studied [7-9]. Some 
metallic coatings applied to optical fibre using techniques such as electrodeless 
plating, physical vapour deposition (PVD), and thermal spraying are silver, 
aluminium, copper, nickel, gold, titanium and lead. The electrodeless plating is 
the most commonly use method of coating because of its simplicity and low 
cost. Li et al [9] used lead cladding to enhance temperature sensitivity of FBG 
sensor. He found out that metal with a high thermal expansion coefficient 
produces better sensitivity performance (five times more) than the bare fibre. 
Silicon piezo-resistive and capacitive based pressure sensors have been 
reported and developed [10-12]. However, silicon based pressure sensors have 
suffered serious mechanical performance degradations when used in harsh 
environment. For temperature sensors, enhancing temperature sensitivity is 
one of the key technologies. There have been many efforts for the exploration 
of the thermal performance of metal-coated FBG. Zhan et al. [13] studied the 
temperature characteristics of FBG encapsulated by aluminum groove. Shiue 
et al. [14] and Xieet al. [15] studied the thermal sensitivity of nickel-coated 
FBGs with different thickness. Zhang et al. [16] enhanced the temperature 
sensitivity using a wavelength shift detection system based on matching FBG. 
Rajini-Kumar et al. [17] reported that indium-recoated FBG sensors showed a 
higher sensitivity at around 15 𝐾 compared with 𝐴𝑙, 𝐶𝑢, and Pb-coated FBG 
sensors. In general, metal coating with large thermal expansion coefficient can 
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enhance the temperature sensitivity of FBG. One of the key causes of stress in 
a body is non uniform expansion or contraction as temperature fluctuates. For 
a double metal-coated FBG sensor, each layer tends to expand or contract 
when temperature fluctuates. However, such expansion or contraction 
generally cannot proceed freely due to the different thermal expansion 
coefficients and the boundary limits. Thermal stresses are set up due to the 
restriction in such thermal deformation, they have significant effects on the 
temperature sensitivity of FBG. When the coated fibre is subject to high 
temperature, there is an increase in the thermal expansion coefficients of the 
coating metals. This in turns creates axial and radial stresses on the fibre which 
cause the FBG sensitivity to increase.  
The metal coating also protects the FBG. Lupi et al. [18] coated the FBG with 
zinc and copper using the traditional electroextraction or electrodeposition 
process, after an aluminum pre-coating of the sensor. However, if an abrupt 
thermal  stress (occurring  at  much  lower  temperature) occurs during  the  
coating  process, this can permanently  affect  the  optical  features  of  the 
FBG and the optical properties will also be slightly affected by the coating 
process. Tian [19] and Song [20] bonded FBGs to the lower CTE side of a 
bimetal and used it as a sensor to measure temperature and strain. Work on 
the preliminary investigation of temperature and pressure measurement 
system for downhole monitoring of oil wells using FBG/EFPI sensing had 
previously been discussed to overcome the issue of temperature and pressure 
cross sensitivity in Chapter 4 [21]. A de-multiplexing mathematical model was 
also proposed for separating the FBG spectrum from the EFPI. The FBG/EFPI 
sensor is a diaphragm based sensor with the referenced FBG to eliminate the 
effect of temperature cross sensitivity. However, with the many advantages of 
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this sensor type, it suffers low sensitivity when used in elevated temperature 
environments.  
 
To overcome these limitations, this chapter proposes an analytical model of 
metal coated hybrid sensing system of FBG and EFPI cavity for HPHT 
measurement in downhole monitoring applications. These sensors are made 
using two dissimilar metals and the sensors are spectrally encoded. Theoretical 
analysis was carried out to obtain the spectral response of the hybrid sensor 
and the structural analysis is used to obtain the change in optical properties of 
the sensor due to photo-elastic effect. Copper and nickel were chosen as the 
coating materials for this work. While copper was selected as the outer 
protective layer due to its large thermal expansion coefficient and good 
extension, nickel was chosen as the conductive layer for its high melting point, 
non-susceptible to corrosion and oxidation, good conductivity and also large 
thermal expansion coefficient [22]. Silicon carbide (SiC) is the choice material 
for the EFPI diaphragm owing to its chemical inactiveness and mechanical 
robustness when used in harsh environment. The operating temperature of 
EFPI pressure based sensor is limited by the choice of the diaphragm being 
used. Here we propose a hybrid FBG/EFPI sensor with the FBG coated with 
outer protective layer of copper and inner layer of nickel. The EFPI has a SiC 
diaphragm.  
Copper was used as the outer coat metal because of it physical property such 
as high thermal expansion, high ductility, good tensile strength, ability to 
withstand corrosion when used in harsh environment, strong resistance to 
creep (deformation) and has melting and boiling points of 1083.4 +/- 0.2 °C 
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and 2567 °C respectively. The Young’s modulus of 𝐶𝑢 is between 110 –  128 𝐺𝑃𝑎 
and the Poisson ratio is 0.34.  
 
 
5.2 Analytical Model 
The schematic of the wavelength encoded hybrid sensor is shown in Figure 5.1. 
The sensing head is made up of FBG and EFPI sensors connected in series for 
HPHT measurements. The FBG is sensitive to temperature as a result of the 
thermo-optic effect and thermal expansion of the fibre material while the EFPI 
is used to measure high pressure. A convoluted combined signal is derived from 
the configuration but first, each individual signal was first analysed and 
modelled. 
                        
Figure 5.1 Schematic Representation of the proposed FBG/EFPI Hybrid 
Sensing Head 
 
To analyse the effect of the metal coating on the sensitivity of the hybrid sensor 
and obtain the optimum thickness of the coated metal, an opto-mechanical 
model was developed. This model is based on the photo-elastic and thermo-
optic properties of the fibres. 
 
C
u 
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5.2.1 FBG sensor opto-mechanical model and 
response 
The FBG sensor is wavelength encoded and the wavelength varies with the 
period of the grating. The FBG is produced by radiating the optical fibre with 
intense ultra-violet beams originated from the same laser source. The beams 
which are coherent, constructively and destructively interfere. The standard 
germanium doped FBG was used with wavelength of 1550 𝑛𝑚, the pressure 
sensitivity and temperature sensitivity are −3 𝑝𝑚/𝑀𝑃𝑎 and 13 𝑝𝑚/℃ [23,24] 
respectively.  
The opto-mechanical model of the FBG sensor predicts the shift in Bragg 
wavelength with respect to temperature and pressure functions at various 
thickness of the coated metals.  To study the temperature sensitivity of a 
metal coated FBG, first the analysis of a coated FBG subject to the effect of 
strain by temperature changes is carried out. 
                   
Figure 5.2 Sensing Schematic of an FBG System 
 
Figure 5.2 shows the schematic of the coordinate system of an FBG sensor 
with both the axial and radial directions. The components of this system 
subject to both temperature and pressure are analysed analytically using 
MATLAB. To measure temperature change ∆𝑇, the wavelength shift ∆𝜆𝐵 when 
exposed to thermal strain variation is given by [3] 
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∆𝜆𝐵 =  𝜆𝐵(𝛼 +  𝜉)∆𝑇 +  𝜆𝐵 {𝜀𝑧 −  
𝑛𝑒𝑓𝑓
2
2
[𝜈(𝑝11 +  𝑝12)𝜀𝑟 +  𝑝12𝜀𝑧]}       (5.1) 
 
where 𝜆𝐵 is the Bragg wavelength, 𝑛𝑒𝑓𝑓 is the effective refractive index of the 
fibre, 𝑝11 and 𝑝12 are the components of the fibre optic strain tensor also known 
as the Pockels constants of the fibre determined experimentally, 𝜀𝑧 is the 
applied strain along the longitudinal axis, 𝜀𝑟 represent the radial thermal strain, 
𝛼 is the thermal expansion coefficient for the fibre, 𝜉 is the thermo-optic 
coefficient and 𝜈 is the Poisson’s ratio. 
 
Also, to measure pressure change ∆𝑃, the shift in wavelength ∆𝜆𝐵 is given by 
[3] 
 
∆𝜆𝐵 =  [− 
(1−2𝜈)
𝐸
+  
𝑛𝑒𝑓𝑓
2
2𝐸
(1 − 2𝑣)(2𝑝12 +  𝑝11)] ∆𝑃                         (5.2) 
 
where 𝐸 is the Young’s Modulus of the fibre. To measure the combined effect 
of both temperature and pressure simultaneously, the shift in Bragg 
wavelength is expressed as  
 
∆𝜆𝐵 =  ∆𝑇 ∙ 𝐾𝑇 +  ∆𝑃 ∙ 𝐾𝑃 +  ∆𝑇 ∙ ∆𝑃 ∙ 𝐾𝑇𝑃                                          (5.3) 
 
where 𝐾𝑇 , 𝐾𝑃 and 𝐾𝑇𝑃 are the temperature sensitivity, pressure sensitivity and 
cross sensitivity respectively. This model is based on some certain 
assumptions. The metal coatings, thermal expansion coefficient of the fibre 𝛼, 
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the thermo-optic coefficient  𝜉 and the Poisson’s ratio 𝜈 are all constant and 
independent of the thermal variations. Also we assume that there is no relative 
displacement between the metal coating and the FBG. 
To carry out the opto-mechanical model of the FBG sensor, the infinite circular 
thin wall of a hollow cylinder model is employed. This is made of three-layered 
materials with the first material representing the copper coating, the second 
material representing nickel coating and the third representing FBG. The 
cylinder is considered to be an isotropic linear elastic composite material with 
free ends. Lame’s formula and strain-stress relationship is use in this model 
[25]. The parameters for the model are 𝛼𝑖 for thermal expansion coefficient, 𝐸𝑖 
for Young’s modulus, 𝑣𝑖 for the Poisson ratio and 𝑟𝑖 for radius of the fibre (𝑖 = 
1, 2, 3 for the FBG, nickel and copper coating respectively). 
 
The axial and radial characteristics of the metal coating are studied and 
analysed. For the axial stress, let ∆𝑙1, ∆𝑙2, ∆𝑙3 be the free axial elongations of 
the FBG, 𝑁𝑖 coating, 𝐶𝑢 coating respectively and the change in temperature be 
∆𝑇. These can be expressed as follows: 
 
∆𝑙1 =  𝛼1∆𝑇𝐿 
∆𝑙2 =  𝛼2∆𝑇𝐿 
∆𝑙3 =  𝛼3∆𝑇𝐿 
 
Since no relative displacement exists between the metal coating and the FBG, 
the elongation of the FBG, nickel coating and copper coating are expressed 
as: 
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𝛼1∆𝑇𝐿 +  𝜀1𝑧𝐿 
𝛼2∆𝑇𝐿 − 𝜀2𝑧𝐿 
𝛼3∆𝑇𝐿 +  𝜀3𝑧𝐿 
 
The boundary condition is defined as  
 
𝜎1𝑧𝐴1 +  𝜎2𝑧𝐴2 = 𝜎3𝑧𝐴3 
 
where 𝐴𝑖 is the cross section of the layer 𝑖. Bringing all together and applying 
Hooke’s theorem [25], the strain of the FBG as a result of the axial thermal 
stress is given by  
𝜀1𝑟 = 𝑣1𝐾1∆𝑇 
 
where 𝐾1 is the thermal axial coefficient given by [25] 
 
                𝐾1 =  
(𝛼3− 𝛼1)𝐸3(𝑟3
2−𝑟2
2)+(𝛼2− 𝛼1)𝐸2(𝑟2
2−𝑟1
2)
𝐸1𝑟1
2+ 𝐸2(𝑟2
2−𝑟1
2)+ 𝐸3(𝑟3
2−𝑟2
2)
                          (5.4)    
 
For radial stress model, let ∆𝛿𝑟1, ∆𝛿𝑟2, ∆𝛿𝑟3 be the free radial elongations of the 
FBG, nickel coating, copper coating respectively and the change in temperature 
be ∆𝑇. These can be expressed as follows: 
 
∆𝛿𝑟1 =  𝛼1𝑟1∆𝑇 
∆𝛿𝑟2 =  𝛼2𝑟2∆𝑇 
∆𝛿𝑟3 =  𝛼3𝑟3∆𝑇 
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The nickel coating is viewed as a hollow cylinder with inner and outer radii as 
𝑎 and 𝑏 subjected to uniform pressures 𝑝1 and 𝑝2 on the surfaces respectively. 
The radial stress can be derived based on Lame solutions as [26]: 
 
𝛿𝑟2 =  
𝑝1𝑎
2(𝑟2
2− 𝑏2)+ 𝑝2𝑏
2(𝑎2− 𝑟2
2)
𝑟2
2(𝑏2− 𝑎2)
                                                  (5.5) 
 
and the radial displacement is expressed as [26] 
 
𝑢2𝑟 =  
1
𝐸2
{
(1−𝑣2)(𝑎
2𝑝1− 𝑏
2𝑝2
𝑏2− 𝑎2
−  
(1+𝑣2)𝑎
2𝑏2(𝑝1− 𝑝2)
(𝑏2− 𝑎2)𝑟2
}                           (5.6) 
 
and the radii final elongations are expressed as [26] 
 
∆𝑟2𝑎 =  𝛼2𝑎∆𝑇 + { 
𝑝1𝑎[(1−𝑣2)𝑎
2+ (1+𝑣2)𝑏
2]− 2𝑝2𝑎𝑏
2 
𝐸2(𝑏2− 𝑎2)
}                       (5.7) 
 
 
∆𝑟2𝑏 =  𝛼2𝑎∆𝑇 + { 
2𝑝1𝑎𝑏
2− 𝑝2𝑎[(1−𝑣2)𝑏
2+ (1+𝑣2)𝑎
2]  
𝐸2(𝑏2− 𝑎2)
}                    (5.8) 
 
The copper coating is also viewed as a hollow cylinder with inner and outer radii 
as b and c which is only subjected to uniform internal pressure 𝑝2 The outer 
surface is not considered in this model. The inner radius of the nickel coating 
final elongation is expressed as: 
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∆𝑟3𝑏 =  𝛼3𝑏∆𝑇 + { 
 𝑝2𝑏[(1+𝑣3)𝑐
2+ (1−𝑣3)𝑏
2]  
𝐸3(𝑐2− 𝑏2)
}                                  (5.9) 
 
For the FBG sensor, the final elongation is expressed as 
 
∆𝑟1𝑎 =  𝛼1𝑎∆𝑇 + (1 − 𝑣2)
𝑝1𝑎
𝐸1
  
 
Applying the boundary conditions, 
∆𝑟1𝑎 =  ∆𝑟2𝑎 
∆𝑟2𝑎 =  ∆𝑟3𝑎 
 
Combining equations 5.7 – 5.9 the following equations can be obtained to 
determine the values of 𝑝1 and 𝑝1  
 
𝑀3∆𝑇 =   𝑀1𝑝1 +  𝑀2 𝑝2 
𝑀6∆𝑇 =   𝑀4𝑝1 +  𝑀5 𝑝2 
 
𝑝1 and 𝑝1 can then be obtained as: 
 
𝑝1 =  {
𝑀2 𝑀6 −    𝑀3𝑀5
𝑀2 𝑀4 −    𝑀1 𝑀5
} ∆𝑇 
 
𝑝1 =  {
𝑀3 (𝑀2 𝑀4−   𝑀1 𝑀5)− 𝑀1 (𝑀2 𝑀6−   𝑀3 𝑀5)
𝑀2 (𝑀2 𝑀4−   𝑀1 𝑀5)
} ∆𝑇                           (5.10) 
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For FBG in the metal coated model, it is worth noting that the radial strain of 
the FBG as a result of the radial thermal stress, and the axial strain as a 
result of the axial thermal stress can are expressed as: 
 
𝜀1𝑟 =  (1 − 𝑣1)
𝑝1
𝐸1
  
                                              𝜀1𝑧 =  −2𝑣1
𝑝1
𝐸1
                                   (5.11) 
substituting equation 5.10 into 5.11 and the radial and axial strains can be 
expressed as: 
𝜀1𝑟 =  
1 − 𝑣1
𝐸1
𝐾2∆𝑇 
𝜀1𝑧 =  
−2𝑣1
𝐸1
𝐾2∆𝑇 
where 𝐾2 is known as the radial thermal stress coefficient expressed as: 
 
𝐾2 =  
𝑀2 𝑀6+   𝑀3𝑀5
𝑀2 𝑀4+   𝑀1 𝑀5
                                                  (5.12) 
 
where the respective expressions for 𝑀𝑖  are shown in the table below 
Table 5.1 Expressions for 𝑀𝑖 
𝑀𝑖  Expressions 
𝑀1  𝐸2(𝑏
2 −  𝑎2)(1 − 𝑣1) −  𝐸1𝑎
2(1 − 𝑣2) − 𝐸1𝑏
2(1 + 𝑣1)  
𝑀2  2𝐸1𝑏
2 
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𝑀3  𝐸1𝐸2(𝑏
2 −  𝑎2) (𝛼2 −  𝛼1) 
𝑀4  2𝐸3(𝑐
2 −  𝑏2) 𝑎2 
𝑀5  𝐸2(𝑏
2 −  𝑎2)(1 − 𝑣3)𝑏
2 +  𝐸2(𝑏
2 +  𝑎2)(1 + 𝑣3)𝑐
2
−  𝐸3(𝑐
2 −  𝑏2)(1 + 𝑣2)𝑎
2 −  𝐸3(𝑐
2
−  𝑏2)(1 − 𝑣2)𝑏
2 
𝑀6  𝐸2𝐸3(𝑏
2 −  𝑎2)(𝑐2 −  𝑏2) (𝛼2 −  𝛼3) 
 
The final strains 𝜀𝑟 and 𝜀𝑧 of the coated FBG are the combination of both the 
radial and the axial thermal stresses and it is expressed as: 
𝜀𝑟 =  (
1 − 𝑣1
𝐸1
𝐾2 −  𝑣1𝐾1 ) ∆𝑇 
 
𝜀𝑧 =  (𝐾1 −  
2𝑣1
𝐸1
𝐾2) ∆𝑇 
 
substituting these into the equation 5.1 the wavelength shift ∆𝜆𝐵 when 
exposed to thermal strain variation; 
 
∆𝜆𝐵 =   𝜆𝐵 {(𝛼 +  𝜉) + (1 +  𝑝12) (𝐾1 −  
2𝑣1
𝐸1
𝐾2) +  
𝑛𝑒𝑓𝑓
2
2
(𝑝11 +
 𝑝12) (
1−𝑣1
𝐸1
𝐾2 −  𝑣1𝐾1 )} ∆𝑇                                                  (5.13) 
 
∆𝜆𝐵 =   𝐾𝑚𝑇𝜆𝐵∆𝑇                                                           (5.14) 
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𝑆𝑇 =  𝛼 +  𝜉  
𝑆𝑧 =  (1 +  𝑝12) (𝐾1 −  
2𝑣1
𝐸1
𝐾2)  
𝑆𝑟 =  − 
𝑛𝑒𝑓𝑓
2
2
(𝑝11 +  𝑝12) (
1 − 𝑣1
𝐸1
𝐾2 −  𝑣1𝐾1 ) 
 
Where 𝐾𝑚𝑇 is the sensitivity coefficient of the coated materials and optical 
fibre, 𝑆𝑇 is the temperature sensitivity coefficient of the bare FBG whose 
constants are determined by the fibre material, 𝑆𝑧 is the axial thermal strain 
sensitivity coefficient and 𝑆𝑟 is the radial thermal strain sensitivity 
coefficients. The parameters 𝑀1,  𝑀2  𝑀3,  𝑀4, and  𝑀5 are affected by the 
properties of the FBG material. 
5.3 The Effect of Metal Coated FBG on Temperature 
Sensitivity 
To properly investigate the effect of the metal coating properties on the 
sensitivity of FBG, the variation of temperature sensitivity and the material 
properties were first studied using the double layered opto-mechanical model 
shown in equation 5.14. In this design, a 𝐶𝑢 − 𝑁𝑖 coated FBG with diameter 
62.5 𝑛𝑚  was used.  
The parameters used for the simulation are listed as follow [26]; the FBG 
parameters are 𝐸1 = 74 𝐺𝑃𝑎, 𝛼1 = 0.55 × 10
−6/℃, 𝜉 = 6.3 × 10−6/℃, 𝑝11 = 0.121,
𝑝12 = 0.27, 𝑛𝑒𝑓𝑓 = 1.456,  𝑣1 = 0.17,  and 𝑎 =  62.5 𝜇𝑚 [26] 
The parameters for nickel coating are 𝐸2 = 220 𝐺𝑃𝑎, 𝛼2 = 14.2 × 10
−6/℃, and 
 𝑣1 = 0.31. The parameters for copper coating are 𝐸3 = 120𝐺 𝑃𝑎, 𝛼3 = 17.2 ×
10−6/℃, and  𝑣1 = 0.32. 
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Figure 5.4. Effect of elastic modulus 𝐸2 on temperature sensitivity 𝐾𝑚𝑇 
 
Figure 5.4 presents the effect of the nickel metal coating property 𝐸2 on 
temperature sensitivity of the metal coated FBG. As depicted in the figure, the 
temperature sensitivity at first has a linear trend but has the tendency to 
decline with increase in elastic modulus. The temperature sensitivity varies 
from 20.57 𝑝𝑚/℃ to 21.79 𝑝𝑚/℃ at 𝐸2 = 180 𝐺𝑃𝑎 before starting to decline as 𝐸2 
increases. This response is as a result of the linear structural properties of the 
metal coat and the linear characterisation of FBG. 
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Figure 5.5 Effect of Poisson’s ratio 𝑣2 with respect to temperature sensitivity 
𝐾𝑚𝑇 
 
Figure 5.5 shows that if other given factors remain constant, Poisson’s ratio 
has a linear relationship with respect to temperature sensitivity within a certain 
range. It shows that temperature sensitivity has a linear relationship with 
Poisson’s ratio. Also, Figure 5.6 depicts the effect of thermal expansion 
coefficient with temperature sensitivity. Within a certain range, the 
temperature sensitivity increases with increase in coefficient of thermal 
expansion which shows a linear relationship. It is important to note that the 
material properties discussed above are interrelated. For example, the elastic 
modulus and the Poisson’s ratio are dependent on each other. If the elastic 
modulus increases, the Poisson’s ratio decreases. Therefore, in a practical 
scenerio, these properties cannot be separated from each other when studying 
the effects on the sensitivity of metallic coated FBG. 
The parameters for the 𝐶𝑢 − 𝑁𝑖 coated FBG are shown in Figures 5.4 and 5.5 
above. The thickness of Ni is represented as h2 while that of Cu is h1. 
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According to Figure 5.7, the 𝐶𝑢 − 𝑁𝑖 coated FBG shows the relationship between 
temperature sensitivity with change in h1 and h2. It can be seen that when the 
coating thickness h2 is between 0 and 90 𝜇𝑚, the temperature sensitivity 
increases to 22.5 × 10−6/ °𝐶 and then rises slowly to 23.6 × 10−6/ °𝐶 before it 
reaches steady state at 23.89 × 10−6/ °𝐶 with the increase of ℎ2. This when 
compared with a single metal coated FBG that has a temperature sensitivity of 
13.9 × 10−6/ °𝐶 as reported by [23,24] , the temperature sensitivity is higher for 
the same value of ℎ1. The result shows that the double metal layer coated FBG 
enhances temperature sensitivity more than a single layer coated FBG. The 
theoretical analysis shows that the temperature sensitivity of FBG changes with 
the variation of metal coating thickness. 
                
Figure 5.6 Effect of thermal expansion coefficient 𝛼2 on temperature 
sensitivity 𝐾𝑚𝑇 
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Figure 5.7 The Effect of Metal Coated FBG on Temperature Sensitivity, the 
inset shows the sensitivity on a single metal coating. 
 
With the same temperature range, the coefficient of thermal expansion of 𝐶𝑢 
is larger than the coefficient of 𝑁𝑖. The change in wavelength of FBG have been 
theoretically analysed and simulated with both ∆𝑙1 (the free axial elongation of 
𝑁𝑖) and ∆𝑙2  (the free axial elongation of 𝐶𝑢 ) to be 8 𝑚𝑚, 10 𝑚𝑚 and 10 𝑚𝑚, 
8 𝑚𝑚 in the range of 0 − 500 ℃. The result are shown in Figure 5.8. From the 
graph, it can be seen that the shift in peak wavelength almost has a linear 
relationship with temperature in the range of 0 − 500 ℃ having a shift in 
wavelength of 6.65 𝑛𝑚. The sensitivity of the sensor is enhanced with 𝐶𝑢 having 
higher coefficient of thermal expansion and longer axial elongation than 𝑁𝑖 with 
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small coefficient of thermal expansion. This can be confirmed in Figure 5.7 
showing the slope of curve (𝑎) higher than that of curve (𝑏). 
 
               
Figure 5.8 Change in wavelength of metal coated FBG with temperature and 
free axial elongation. 
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Figure 5.9 Bragg wavelength shift as a function of temperature for double and 
single coated FBG 
 
Figure 5.9 shows the simulated response of a double metal coated 𝐶𝑢 − 𝑁𝑖 FBG  
sensor temperature sensitivity with single coated FBG, temperature value used 
for the model ranges from 100 −  2000 °𝐶. The simulation was done for different 
wavelength shifts and temperature variations to ensure repeatability and 
reliability. 
Results show Bragg wavelength peaks increase linearly with various coating 
thickneses. The double coated metal FBG peak wavelength increases linearly 
with a temperature sensitivity of 21.7 × 10−6/ °𝐶 while that of single coated 
metal is 13.9 × 10−6/ °𝐶. The result also shown that the Bragg wavelength 
shifted down by almost 12.7 𝑛𝑚. This shows that different variation of metal 
coated FBG thickness can be attributed to the change in temperature sensitivity 
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and increase in the coated FBG thickness increases the the temperature 
sensitivity of FBG. 
5.4 EFPI Sensor Model and Response 
The schematic diagram of the EFPI sensor is shown in Figure 5.10. The EFPI is 
formed at the end face of the fibre and the SiC diaphragm. The SiC diaphragm 
deflects under any kind of stress which provides the pressure sensing signal. 
The optical path distance known as the cavity length between the endface of 
the fibre and the diaphragm will change as a result of the lateral and 
longitudinal compressions of both the coating metals and the diaphragm. When 
the metal coated sensor head is subjected to an applied pressure, the 
longitudinal air-gap distance ∆𝐿 of the EFPI will change as a result. The 
relationship between the applied pressure ∆𝑃 and the cavity length ∆𝐿 of the 
hybrid sensor assuming the lead-in fibre and the reflecting diaphragm is 
expressed as [26]; 
 
                                                                    ∆𝐿 =   
3(1−𝑣2)𝑟4
16𝐸ℎ3
∆𝑃                                (5.15) 
 
where 𝑟 is the radius of the SiC diaphragm defined by the inner diameter 
of 𝐶𝑢 coat metal, ℎ is the thickness of the diaphragm, 𝐸 is Young’s 
Modulus and 𝑣 is Poisson’s ratio of the diaphragm. This model describes 
the deflection of a circular diaphragm when subjected to uniform 
distributed applied pressure. The diaphragm pressure sensitivity (𝑌) is 
define as the ratio of the deflection and the pressure difference.  
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Figure 5.10 Schematic of the structure of EFPI Pressure Sensor depicting a 
rigidly clamped SiC diaphragm when subject to a uniform distributed pressure  
 
Table 5.2 Material properties of SiC [26] 
Density ρ 3100 𝑘𝑔 𝑚−3 
Young’s modulus E 410 𝐺𝑃𝑎 
Poisson’s ratio v 0.14  
Tensile stress 𝜎𝑚 3900 𝑃𝑎 
 
 
The material properties of SiC used for the design and simulation are shown in 
Table 5.2. The simulated results of the SiC diaphragm deflection when 
subjected to uniformly distributed pressure using the finite element method 
(FEM) in MATLAB is shown in Figure 5.11. The model is designed with 1 𝑚𝑚 
diaphragm radius, 40 𝜇𝑚 thickness, 30 𝜇𝑚 cavity length and operates under 
pressure of 5000 𝑘𝑃𝑎. Figure 5.11(a) shows the deflection with the uniformly 
applied pressure and Figure 5.11(b) shows the profile of pressure distribution 
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on the diaphragm. The deflection varies from zero at the diaphragm edge to a 
maximum value at the centre. 
 
 
Figure 5.11 Simulated deflection of the SiC diaphragm when subject to 
uniform distributed pressure in MATLAB 
 
The normal interference spectrum of the EFPI pressure sensor is shown in 
Figure 5.12 using the EFPI expression in section 4.2 of the previous chapter. 
The relationship between the pressure sensitivity and the diaphragm thickness 
is depicted in Figure 5.13. It shows that pressure sensitivity increases with 
increase in diaphragm radius and decreasing thickness. Considering the design 
objective of the HPHT, the diaphragm radius is taken to be 1 𝑚𝑚 and the 
thickness to be 40 𝜇𝑚.  
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Figure 5.12 Interference spectrum of an EFPI pressure sensor 
                   
Figure 5.13 Pressure sensitivity against SiC diaphragm thickness and radius. 
The sensitivity is inversely proportional to the diaphragm thickness but 
directly proportional to the square of the effective radius. 
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Figure 5.14 Natural frequency response as a function of SiC diaphragm 
thickness with different radius. 
 
The frequency response of the SiC diaphragm against the thickness was also 
illustrated in this work. The frequency response is also a very important 
performance parameter when dynamic pressure range is considered. For the 
SiC diaphragm to operate within a linear range of dynamic pressure, the 
resonance frequency should be at least three to five times the highest applied 
frequency [27]. The analytical results for the frequency response is shown in 
Figure 5.14. The normalised frequency response increases with increase in SiC 
diaphragm thickness but decreases with increase in the diaphragm radius. For 
a thickness of 40 𝜇𝑚 and a diaphragm radius of 1 𝑚𝑚, the natural frequency of 
the SiC diaphragm is determined to be 225 𝑘𝐻𝑧. This falls within the required 
specifications for most HPHT applications [28].  
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Figure 5.15 Pressure response as a function of cavity length.  
 
Figure 5.15 derived from equation 5.15 shows that the result of the EFPI 
pressure sensor model is feasible. The relationship between the cavity length 
and the applied pressure on the metal coated sensing head remains linear from 
theoretical modelling and predictions. It shows that the cavity length decreases 
linearly with increase in pressure from 0 –  5000 𝑘𝑃𝑎. The cavity length of the 
proposed sensor can be affected by the physical properties of the coated metals 
used like the thermal expansion coefficient and the thickness of the SiC 
diaphragm. The variation of the cavity length against the applied pressure was 
measured to be about 21 𝜇𝑚 𝑘𝑃𝑎−1. However, temperature compensation may 
be necessary for high accuracy measurements. The proposed sensor was highly 
dependent on the material properties of the diaphragm. SiC has a Young’s 
modulus of 420 GPa, making it very stiff and as such produced a very small 
deflection when the diaphragm was subjected to an external applied pressure. 
It should also be noted that the sensitivity of the proposed sensor was 
dependent on the stability of the cavity length. Due to the nature of the SiC 
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diaphragm, the cavity length tends not to drift over time which will enable the 
resolution and accuracy of the measurements to withstand long term reliability.  
Furthermore, the requirement for any specific cavity length in EFPI sensor 
design, depends on the pressure range for that applications. For subsea 
underwater applications, HPHT range measurements are required. Therefore, 
the proposed sensor design was carried out and could be used for reliable HPHT 
measurements in underwater applications. In this hybrid metal coated sensor 
design, there are few considerations to be noted. As a result of the usual high 
thermal expansion coefficient of metals, they may expand rapidly with higher 
temperature. Creeping tends to also occur on the metals with higher 
temperature. These characteristics of the metals will have influence over the 
performance of the proposed sensor. 
5.5 Summary 
This work detailed the description of a theoretical design of a hybrid FBG/EFPI 
sensor for measurements of temperature and pressure in harsh environments. 
The FBG is coated with outer protective layer of copper and inner layer of nickel, 
while the EFPI pressure sensor has an all SiC diaphragm with 1 𝑚𝑚 radius, 
thickness of 40 𝜇𝑚 and cavity length of 30 𝜇𝑚. 
Theoretical models and analysis of this sensor were carried out. The optical 
analysis is carried out to obtain the spectral response of the sensor while the 
structural analysis is used to obtain the change in optical properties of the 
sensor due to photo-elastic effect. Also, the characteristics of a rigidly SiC 
diaphragm is used to determine the suitability of the sensing configuration.  
The sensor was theoretically designed for ranges of temperature and pressure 
between 100 −  1000 °𝐶 and 0 –  5000 𝑘𝑃𝑎 respectively. Simulations of these 
models were done and results show that temperature sensitivity of the sensor 
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was enhanced from 13.95 𝑝𝑚/ °𝐶  to 23.89 𝑝𝑚/ °𝐶 and and the associated 
pressure range to be measured up to 5000 𝑘𝑃𝑎 when compared to that of a 
single coated sensor. The proposed hybrid sensor maybe useful for 
measurements of HPHT in harsh environments. 
This technique increases the measurement sensitivity of the sensor with 
respect to the wavelength shift peak when compared to the results obtained 
for the direct load on the glass capillary and aluminium material on the sensing 
configuration in chapter 4. Also, the double coating of the FBG is an effective 
protection to external stress and mechanical damages.  
When the theoretical model of the coated metal sensor was simulated under 
harsh environmental conditions, the linear structural properties and the 
characterization of the sensor start to decrease. This shows that the technique 
is limited when the sensor is subject to extreme harsh environment. A robust, 
reliable and thin metal coating is desirable for such extreme environments. To 
effectively tackle the problem of temperature and pressure cross sensitivity in 
very extreme conditions like downhole operations and also address the 
limitation of the coated metal technique, the concept of ultra-thin sensing 
configuration with graphene diaphragm deposited in SiC is introduced in 
chapter 6. 
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Chapter 6 
6 Analysing the applicability of multilayer 
graphene diaphragm for oil and gas sensing 
applications 
6.1 Introduction 
In this chapter, a novel thin-film fibre optic FBG/EFPI sensor with ultra-high 
pressure and temperature sensitivities is theoretically analysed using 16-layer 
graphene film deposited on SiC substrate as the diaphragm. The sensitive 
diaphragm structure breaks the sensitivity limitations imposed by the increased 
thickness and the decreased dimension of a diaphragm used in traditional FPI 
pressure sensors. The interaction between the multilayer graphene with an 
inner diameter of 125 µ𝑚 and the SiC substrate created a low finesse FP 
interferometer with a cavity length of 59.67  µ𝑚. It was observed in the 
numerical study that the sensitivity can be greatly increased by using 
multilayer graphene on SiC substrate. The performance parameters of the 
proposed sensor are investigated in terms of sensitivity at the operating 
wavelength of 1550 𝑛𝑚 and the proposed sensor exhibits an ultra-high pressure 
sensitivity of 2380 𝑛𝑚 𝑘𝑃𝑎−1 and temperature sensitivity of 1.02 𝑛𝑚 °𝐶−1. This 
addresses the temperature and pressure cross sensitivity for HPHT 
environments. This sensor is expected to have potential for monitoring oil and 
gas applications in harsh environments.  
The recent renewed interest in utilizing miniature fibre optic sensors for  
pressure/temperature monitoring in the oil and gas industry due to their  
advantages  over  conventional  sensors,  such  as  immunity  to  
electromagnetic  interference,  high  resolution,  fast  response,  and compact 
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size [1]. The pressure sensors that are based on the  FPI  have  shown  
promising  results  for  obtaining  static  and  dynamic  pressure  measurements 
[2, 3].  The  pressure  sensitivity  of  the  diaphragm  in  the  FPI  sensor  is  
defined  as  the  ratio  of  the  FPI  cavity’s  length  variation  to  the pressure 
[4]. Among the key elements that determine the pressure  sensitivity  of  the  
FPI  sensor  are  the  used  materials  and the thickness of the diaphragm. 
Several thin-film FPI pressure sensors have been reported in the literature and 
these sensors used different materials as the pressure-sensitive diaphragm. 
Some of the materials used are polymer, silicon, silver and graphene [3-9]. 
However, achieving a thin-film FPI sensor with high pressure sensitivity, leads 
to reduction in the thickness of the diaphragm for the most effective methods 
used in the literature. 
Silica-based sensors have superior chemical stability, thermal stability and 
mechanical strength [10]. However, they usually have limited sensitivity due 
to the high elastic moduli of the material. In addition, the thickness of the 
silicon diaphragm is usually larger than 3 𝜇𝑚, and the mass production of a 
silicon-based diaphragm  with  a  thickness  of  less  than  1 𝜇𝑚  is  difficult to 
achieve. In contrast, the polymer diaphragm can be thinned down to a few 
microns and is suitable for mass production.  Thus, polymer-based pressure 
sensors can obtain higher sensitivity. However,  the  polymer  diaphragm  is  
limited  in  its  sensing  applications  due  to  its  porous  cellar  structure  and  
instability  in  a  water  vapour environment [11]. In recent years, Xu  et  al  
reported  a  fibre-tip  pressure sensor with 125 𝜇𝑚 diameter and 130 𝑛𝑚 thick 
silver diaphragm and achieved a pressure  sensitivity  of  70.5  𝑛𝑚 𝑘𝑃𝑎−1 [6].  
The  aforementioned  research  indicated  that  a  thinner  material  is  much  
more  promising  for  use  as  a  high-sensitivity pressure-sensitive diaphragm. 
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Graphene, with a single layer thickness of ~0.335 𝑛𝑚, has been utilized more 
since it was first isolated by  Novoselov  et  al [12] because of its extreme 
elasticity [13], ultra-strong  adhesion [14], and impermeability to gases [15]. 
The unique combination  of  electronic  and  mechanical  properties  makes  
graphene  an  ideal  material  for  sensor applications involving  
electromechanical coupling, such as micro machined pressure sensor [16, 17]. 
The ultra-thin thickness of graphene can significantly improve the pressure 
sensitivity of FPI sensors.  Recently,  graphene  membranes  with  thickness  
ranging  from  0.26  to  0.76 𝑛𝑚  were  used  as  deflectable  diaphragms  for  
FPI  sensors. A pressure sensitivity of 39.2 𝑛𝑚 𝑘𝑃𝑎−1 was exhibited using a 
diaphragm with a diameter of 25 𝜇𝑚 [18]. The small size of the diaphragm in a 
miniaturized sensor head imposes a limit on its sensitivity. By using a ~100 𝑛𝑚 
thick graphene diaphragm  with  a  diameter  of  125  𝜇𝑚,  Ma 𝑒𝑡  𝑎𝑙  fabricated  
a  FPI  acoustic  sensor  with  a  dynamic  pressure  sensitivity  of  1100 𝑛𝑚 𝑘𝑃𝑎−1, 
which was the highest reported [19]. However, considering the nanoscale 
deflection deformation of graphene membranes under loads, the used 
diaphragm is still so thick that the measured load-deflection behaviour is no 
longer consistent with the corresponding large deflection characteristics.  
To overcome the challenges in each of graphene materials and SiC as reported, 
the growth of graphene with large crystalline domain on the uniform surface of 
SiC is necessary. Several methods of growing graphene on SiC substrate have 
been reported [20-26]. The combined metals form a stronger cohesive strength 
and extreme chemical stability, does not need to be transferred from the metal 
to another dielectric substrate, has a large band-gap and can be easily be 
integrated into silicon. These qualities, make it suitable for more technological 
industrial applications. To combine the advantages of both graphene and SiC, 
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we’re motivated to use these two materials in a single sensor which increases 
sensitivity. 
This chapter demonstrates and examines the interference characteristics and 
the large scale deflection behaviour of an FPI pressure sensor with an ultra-
thin 16-layer graphene film with 125 µ𝑚 diameter deposited on SiC substrate 
as the diaphragm membrane.  A numerical model of highly sensitive Graphene-
SiC based sensor is proposed for practical oil and gas monitoring applications. 
The sensitivity of this sensor overcomes the sensitivity limitation (Increased 
thickness and decreased dimension of the diaphragm) of the conventional FPI 
pressure sensor. Mathematical models and design considerations of the 
proposed sensor are discussed in section 6.2. Results and discussions are 
detailed in section 6.3, while section 6.4 gives the summary.   
 
 
Figure 6.1 FPI interference characterization of multiple layer graphene on SiC 
substrate 
 
6.2 Structure and operating principle of the FPI sensor 
with graphene-SiC diaphragm 
The change in cavity length or the optical path difference (OPD) of an FPI 
sensor leads to pressure sensitivity measurement, which depends on the 
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transducer mechanism and the graphene-SiC based diaphragm thickness as 
shown in Figure 6.1. The diaphragm as a light reflector, made directly on the 
endface of the fibre and it adheres to the ferrule by the van der Waals force. 
When the diaphragm is subject to an external pressure, the deformation of 
the diaphragm membrane will cause the the FPI OPD to change. This change 
is as a result of the deflection of the diaphragm when there is difference in 
pressure between the inside and outside surfaces of the diaphragm. The 
deflection of the diaphragm is determined by detecting the intensity of the 
reflected light. For the purpose of this load-deflection modelling, the sensor is 
modelled as a clamped multiple dielectric slabs. Thus, the interference 
characterization and the large deflection behaviour of the graphene-SiC 
diaphragm can be investigated. 
6.2.1 Thin film interference theory and model 
The characteristic reflectivity of a thin film as a result of multiple beam 
interference has been extensively studied in the literature [27]. For a thin film 
with non-absorbing layer of thickness ℎ and refractive index 𝑛1 bounded by 
two semi-infinite media with refractive indices 𝑛0 and 𝑛2, the reflectivity can 
be obtained theoretically by summing all the amplitudes of the reflected light 
beams. Multiple reflections may also occur within the layer Figure 6.2. When 
two optical interfaces with each having a Fresnel coefficients characteristics 
for reflection and transmission, the incident beam will split into multiple 
coherent waves. 
The 𝑟𝑖𝑗 and 𝑡𝑖𝑗 are the corresponding Fresnel reflection and transmission 
coeficients at the optical interface 𝑖 and 𝑗 denoted in order of the propagation 
direction od the rays [28]. To determine 𝑟𝑖𝑗 and 𝑡𝑖𝑗, the polarisation of the 
beam needs to be considered.  
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Figure 6.2 Thin film interference of Fresnel coefficients characteristics for 
reflection and transmission which shows how the incident beam will split into 
multiple coherent waves. 
 
When the reflected coefficients are considered, there will be a number of 
higher order reflected waves (𝐸1,  𝐸2, 𝐸3, … ) which will result into colour 
appearance of the thin film. This is a characteristic of the film thickness ℎ and 
the refractive index 𝑛1. 
The optical path difference due to the thin film for adjacent rays is expressed 
as [28] 
 
∆ = 2𝑛1ℎ𝑓𝑖𝑙𝑚𝑐𝑜𝑠𝜃1                                                        (6.1) 
 
and the corresponding phase shift is given as [28] 
 
𝜕𝑚 = (𝑚 + 1).
2𝜋
𝜆
𝑛1ℎ𝑐𝑜𝑠𝜃1                                                    (6.2) 
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𝑚 is the number of total internal reflections which is always an odd number, 
𝜃1 is the angle of refraction in the layer.  
The resulting complex reflected amplitude which is the summation of the 
overal amplitudes taking into account the phase shift is expressed as  
 
𝐼𝑟 = 𝑟01 +  𝑡01𝑟12𝑡10𝑒𝑥𝑝
−2𝑖𝜕 ∑(−1)𝑛
∞
𝑛−1
(𝑟12𝑟10)
𝑛𝑒𝑥𝑝−2𝑖𝑛𝜕 
 
             =  𝑟01 +
𝑡01𝑟12𝑡10𝑒𝑥𝑝
−2𝑖𝜕
1 + 𝑟10𝑟12𝑒𝑥𝑝−2𝑖𝜕
 
 
                                                =  
𝑟01+ 𝑟12𝑒𝑥𝑝
−2𝑖𝜕
1+𝑟10𝑟12𝑒𝑥𝑝−2𝑖𝜕
                                   (6.3) 
 
where 𝑡01𝑡10 =  √1 − 𝑟01
2 √1 − 𝑟10
2 = 1 − 𝑟01
2  
 
For a lossless dielectric media where energy of the reflected and transmitted 
waves are conserved, the reflectivity of a thin film is given as  
 
                                  𝑅 =
𝑟01
2 +𝑟12
2 +2𝑟01𝑟12𝑐𝑜𝑠2𝜕
1+𝑟01
2 𝑟12
2 +2𝑟01𝑟12𝑐𝑜𝑠2𝜕
                     (6.4) 
 
6.2.2 Multilayer reflectivity model 
From the theory of multiple layer interference, the reflectance nature of the 
multilayer transparent, dielectric layers with different refractive indices can be 
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obtain through the reflected incident light from the different optical 
interfaces. 
The multiple layer stack with 𝑁 number of layers of two distinct materials with 
refractive indices 𝑛1 and 𝑛2 where 𝑛1 > 𝑛2 and the thin film thicknesses of ℎ1, 
ℎ2. The multiple layer stack is covered at both the top and the bottom by two 
media with refractive indices of 𝑛0 and 𝑛𝑐 
The incidence light touches on the multilayer stack at an angle 𝜃0 is shown in 
Figure 6. 
 
                     
 
Figure 6.3 Multilayer Reflection and Transmission of light beams. Light beams 
will reflect at different interfaces of the stack resulting into characteristic 
reflection and transmission spectra depending on the refractive index and 
thickness of the material. 
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6.2.3 The transfer matrix based optical modelling 
The Transfer Matrix Optical Modelling is one of the methods used to calculate 
the optical interference of multilayer stack of thin films. In this work, the 
transfer method is used to determine the reflectance and transmittance of a 
thin film multilayer stack. The transfer matrix method relates the electric and 
magnetic fields at the interfaces through the characteristic matix [29]. 
The reflectivity of the multilayer stack can be calculated as a function of the 
wavelength of the incident light 𝜆, the refractive indices 𝑛1, 𝑛2, 𝑛3 …, the thin 
film thicknesses ℎ1, ℎ2, ℎ3…. of the individual layer, the incidence angel of the 
light 𝜃0, the number of layers in the multilayer stack 𝑁. 
For a dielectric material that is transparent in the multilayer stack, the 𝑖𝑡ℎ layer 
is defined by it’s refractive index 𝑛 𝑖 and the layer thickness ℎ𝑖. The equations 
used are summarized in the following section. 
The boundary conditions for a thin film multilayer stack interference when 
considering the interface 0,1 of the first layer is expressed as [27] 
 
𝐸0𝑖 + 𝐸0𝑟 =  𝐸1𝑖 +  𝐸1𝑟 
 
𝑛 0𝐸0𝑖 − 𝑛 0𝐸0𝑟 =  𝑛 1𝐸1𝑖 − 𝑛 1𝐸1𝑟 
 
And at interface 1, 2 of the layer; 
 
𝐸1𝑖𝑒𝑥𝑝
𝑖𝑘ℎ + 𝐸1𝑟𝑒𝑥𝑝
−𝑖𝑘ℎ =  𝐸𝑡 
 
𝑛 1𝐸1𝑖𝑒𝑥𝑝
𝑖𝑘ℎ − 𝑛 1𝐸1𝑟𝑒𝑥𝑝
−𝑖𝑘ℎ =  𝑛 2𝐸𝑡 
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The phase difference due to traversal of the thin film is given as; 
 
                                                      𝜕 = (𝑚 + 1).
2𝜋
𝜆
𝑛1ℎ𝑐𝑜𝑠𝜃1                                           (6.5) 
 
Combining the above set of equations into an equivalent matrix representation 
to obtain; 
 
[
1
𝑛0
] + [
1
−𝑛0
]
𝐸0𝑟
𝐸0𝑖
= [
𝑐𝑜𝑠𝜕 −
𝑖
𝑛 1
𝑠𝑖𝑛𝜕
−𝑖𝑛 1𝑠𝑖𝑛𝜕 𝑐𝑜𝑠𝜕
] [
1
𝑛2
]
𝐸𝑡
𝐸0𝑖
 
 
which can be written as 
 
                                     [
1
𝑛0
] + [
1
−𝑛0
] ℛ𝑖 = 𝑀 [
1
𝑛2
] 𝛵𝑖                                     (6.6) 
 
ℛ𝑖 and 𝛵𝑖 are the reflection and tramission coefficients respectively and 𝑀 is the 
transfer matrix. For structures with 𝑁-number of layers, a transfer matrix is 
required for each layer and the product 𝑀𝑇 is the light transmission throught 
the entire multilayer stack which is expressed as;  
 
[
1
𝑛0
] + [
1
−𝑛0
] ℛ𝑖 = 𝑀1𝑀2𝑀3 … 𝑀𝑁 [
1
𝑛2
] 𝛵𝑖 = 𝑀𝑇 [
1
𝑛2
] 𝛵𝑖 
 
Where 𝑀𝑇 is the product of the different transfer matrices. The components of 
the transfer matrix 𝑀𝑇 can be represented as; 
 
𝑀𝑇 =  [
𝑚11 𝑚12
𝑚21 𝑚22
] 
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The reflection and transmission coefficients ℛ𝑖 and 𝛵𝑖 can also be represented 
in terms of the components of 𝑀𝑇 for s-polarization as [27]; 
 
ℛ𝑖 =  
𝑛0𝑚11 + 𝑛0𝑛2𝑚12 − 𝑚21 − 𝑛2𝑚22
𝑛0𝑚11 + 𝑛0𝑛2𝑚12 + 𝑚11 + 𝑛2𝑚22
 
 
𝛵𝑖 =  
2𝑛2
𝑛0𝑚11 + 𝑛0𝑛2𝑚12 + 𝑚11 + 𝑛2𝑚22
 
 
The reflectance ℛ and transmittance 𝑇 are now given by; 
 
ℛ =  ℛ𝑖ℛ𝑖
∗ and 𝑇 =
𝑛2
𝑛0
𝛵𝑖𝛵𝑖
∗ 
 
For the effect of absorption in thin film, a complex refractive index is considered 
and this is specified by; 
 
𝑛 − 𝑖𝑘 
 
Where n is the complex refractive index and k is the extinction coefficient. The 
thin film absortion is given by; 
 
𝐴 = 1 − ℛ − 𝑇 
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With this, a multilayer thin film stack can be specified on any substrate and 
surface plots of reflection, transmission and absorption can be determined for 
both the s-polarization and p-polarization. 
The reflectivity of the multilayer stack can be obtained by solving the transfer 
matrix equation [27] 
 
                     ℛ = |𝑟|2 = |
𝑖(
1
𝑁1
−𝑁1)sin (
2𝜋
𝜆
𝑁1ℎ)
2𝑐𝑜𝑠(
2𝜋
𝜆
𝑁1ℎ)+𝑖(
1
𝑁1
+𝑁1)sin (
2𝜋
𝜆
𝑁1ℎ)
|
2
                          (6.7) 
 
To determine the reflectivity ℛ, the complex refractive index of each layer and 
it’s thickness need to be known. For multilayer graphene-SiC configuration 
shown in Figure 6.4, the first layer can be considered as part of the multilayer 
stack. The amplitude of the electric field 𝑬 is divided into two components; the 
reflected component, 𝐸− and the transmitted component, 𝐸+. The refractive 
indices and thicknesses of all the layers are considered as follows. The complex 
refractive index of graphene is considered as approximately 𝑛 = 3.69 − 𝑗2.51 [30-
32] while its thickness is considered as ℎ = 0.34𝐿 𝑛𝑚, where L is the number of 
graphene layers. 
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Figure 6.4 Schematic of electric field notation in the 3-layer graphene on SiC 
structure. The prime denotes waves at the down side of an interface. 
 
 
6.3 Results and Discussion 
The transfer matrix method was implemented in MATLAB. The algorithm allows 
for the variation of the multilayer graphene-SiC parameters like the refractive 
indices, thickness, number of layers and the angle of light incidence.  
The reflectivity of the multilayer stack with refractive indices 𝑛1 and 𝑛3 depends 
on the refractive index contrast, the thickness of the layers, the polarisation of 
the light, and the angle of light incidence. The relationships between the 
transmittance and absorbance with respect to both the angle of incidence and 
wavelength are showed in Figure 6.5. It is evident from the results that multi-
layered graphene on SiC presents high transmittance and low absorption in 
both the visible and near infra-red (NIR) spectrum of light. 
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Figure 6.5 Transmittance and absorbance of multilayer graphene on SiC 
substrate. (a) transmittance and absorbance of multilayer graphene on SiC 
with respect to the angle of incidence (b) s-polarized transmittance and 
absorbance of multilayer graphene on SiC as a function of wavelength (c) p-
polarized transmittance and absorbance of multilayer graphene on SiC 
substrate as a function of wavelength. 
 
Recent work by [31, 32] demonstrated the optical functions of graphene in 
terms of the complex refractive index 𝑛 and 𝑘 as shown in Figure 6.6. The 
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general trend between the 𝑛 and 𝑘 shows values reasonably close in the visible 
light region and continue to increase with wavelength leading to the infrared 
region. The effect of the number of graphene layers on the reflectivity at a 
typical wavelength of 1550 𝑛𝑚 are shown in Figure 6.7. When light is incident 
on the graphene surface, part of the light is reflected back through the cavity 
length to the optic fibre while the remaining is transmitted through the 
graphene to the SiC. 
The result shows that the reflectivity of the graphene membrane is greatly 
improved as the number of layers increases. This can enhance the 
interference signal demodulation. 
 
 
Figure 6.6 Real and imaginary parts 𝑛 and 𝑘 as the components of the 
complex refractive index of graphene as a function of wavelength.     
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Figure 6.7 Simulated reflectivity versus number of graphene layers. The 
complex refractive index used in this simulation is 3.69 –  𝑗2.51 at 1550 𝑛𝑚 
 
It is observed that as the reflectivity of the graphene diaphragm increases as 
a result of the increase in the thickness of the diaphragm, it reaches a certain 
point where the reflectivity starts to decrease. This is as a result of the complex 
refractive index dominance of the graphene. 
It is also interesting to note that the wavelength has no significant effect on 
the reflectivity of the of the graphene membrain at a particular thickness. 
Considering a 8-layered graphene as depicted in our simulation, when light is 
incident on this layered graphene at wavelengths of 1550 𝑛𝑚 and 1600 𝑛𝑚, the 
reflectivity is computed to be 62.48% and 65.56% respectviely. This shows that 
the effect of wavelength on the reflectivity of the graphene diaphragm is 
inconsequencial. For this work however, the wavelength of 1550 𝑛𝑚 is used for 
the interference and characterization performance of the graphene diaphragm. 
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Figure 6.8 Multilayer reflectivity versus wavelength for different layer 
numbers 𝑁 at normal light incidence. 
 
Figure 6.8 shows the multilayer reflectivity response as a function of 
wavelength for different number of layers 𝑁 at normal incidence light. The 
reflectivity of the multilayer structure also depends on the polarization of the 
incident light, the thickness of the individual layers and the angle of the 
incidence light. The incident medium is air with refractive index of 𝑛 = 1. The 
graph shows the response for cases where 𝑁 =  8, 12, 16. The design wavelength 
is 𝜆0 = 1550 𝑛𝑚 
As shown in Figure 6.8, when the number of layers N increases, the reflectivity 
also increases while the bandwidth of the reflected peak decreases. The 
wavelength bandwidth can be calculated from the graph as ∆𝜆 = 568 𝑛𝑚. The 
bandwidth covers most of the visible spectrum in the graph. As the number of 
layer 𝑁 increases, the reflection response tends to flaten at the edges as it 
tends towards 100%. This is an asymptotic representation of the reflecting band. 
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Figure 6.9 Reflectivity as a function of polarisation of incidence light for 
multilayer graphene 
 
As the incidence angle of light increases, the reflectivity of s-polarized light 
increases monotonically towards unity while the reflectivity of p-polarized first 
decreases, reaching a minimum value of 0.07 at the Brewster angle [33] 𝑄𝑏 =
76.2° before increasing towards unity as shown in Figure 6.9. The point at which 
the reflectivity of the p-polarised light drops drastically is known as the 
Brewster angle 𝑄𝑏 
6.3.1 High temperature measurement based on FPI 
graphene on SiC substrate as the diaphragm 
The interference pattern of the FPI is shown in Figure 6.10 and the pattern is 
analysed in which the cavity length of the FPI can be calculated from  
 
𝐿 =  
(𝜆1 𝜆2)
2(𝜆1 −  𝜆2)
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where 𝜆1 and 𝜆2 (𝜆1 >  𝜆2) are the two adjacent wavelengths of dips in the 
interference spectrum.  
As the phase difference satisfies the condition of the interference, the dip 
wavelength can be expressed as  
 
                                         𝜆𝑚 =
2𝑛𝑒𝑓𝑓𝐿𝑒𝑓𝑓
𝑚
                                           (6.8) 
 
It can be noted that the wavelength depends on the effective refractive index 
𝑛𝑒𝑓𝑓 and the cavity length 𝐿𝑒𝑓𝑓. The thickness of the diaphragm and the 
refractive index are functions of temperature. The relationships showing the 
effective refractive index and the effective cavity length as functions of 
temperature are expressed as, 
 
𝑛𝑒𝑓𝑓(𝑇) =  𝑛𝑒𝑓𝑓(𝑇0)(1 + 𝜎∆𝑇) 
𝐿𝑒𝑓𝑓(𝑇) =  𝐿𝑒𝑓𝑓(𝑇0)(1 + 𝛼𝑔∆𝑇) 
 
where 𝛼𝑔 is the thermal expansion coefficient and 𝜎 is the thermo-optic 
coefficient of the graphene on SiC diaphragm respectively. 
By differentiating equation 6.8, the wavelength shift with respect to 
temperature can be expressed as, 
 
                   
𝑑𝜆𝑚
𝑑𝑇
=  
2𝑛𝑒𝑓𝑓(𝑇0)𝐿𝑒𝑓𝑓(𝑇0)
𝑚
 {𝜎 + 𝛼𝑔 + 2𝛼𝜎∆𝑇}                                  (6.9) 
 
This equation shows that the temperature sensitivity of the sensor is a function 
of the thermo-optic coefficient and the thermal expansion coefficient of 
171 
 
graphene on SiC diaphragm. However, the thermo-optic coefficient and the 
thermal expansion coefficient do not affect the shift in wavelength. The 
wavelength shift is only affected by the variation of the graphene diaphragm. 
The thermo-optic coefficient and the thermal expansion coefficient of graphene 
have been estimated to be on the order of 10−4 /𝑘  [34] and 10−5 /𝑘 [35, 36]. 
It can be seen from Figure 6.10 that the signal gives a cosine waveform that is 
generated by two beam interference. This shows the interference spectrum of 
the sensor with fringe contrast of 20 𝑑𝐵 at each wavelength. It can be seen that 
there are two peaks and three dips in the interference patterns where the 
maximum and minimum occur. The cavity length is calculated to be 59.67 𝜇𝑚 
from the spectrum.  
                    
Figure 6.10 The interference pattern of the proposed multilayer graphene on 
SiC substrate. 
 
To examine the dependence of temperature on FPI cavity sensor, the 
sensitivities under different range of temperature are examined. The fringe dip 
wavelengths are selected at 1535 𝑛𝑚 and 1575 𝑛𝑚 to depict the wavelength shift 
under low and high temperature. As shown in Figure 6.11, the wavelength shift 
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increases as temperature increase. A good linearity is achieved with 
temperature sensitivities of 0.75 𝑛𝑚/°𝐶 and 1.02 𝑛𝑚/°𝐶 at low temperature range 
of 20 °𝐶 to 65 °𝐶 and high temperature range of 1000 °𝐶 to 1050 °𝐶 respectively. 
This proposed FPI sensor has a temperature sensitivity to be three orders of 
magnitude larger than the one proposed by Tafulo et al [37] 
 
 
Figure 6.11 Wavelength shift with temperature variation. (a) dip wavelength 
shift with low temperature range (b) dip wavelength shift with high 
temperature range 
 
The fringe contrast of the interference spectrum is given by [38] 
 
                         𝐹𝐶 = 20 log10 [|
√𝑅 +𝐾(1−𝑅)|(𝑛𝑔−1)|/(𝑛𝑔+1)
√𝑅 −𝐾(1−𝑅)|(𝑛𝑔−1)|/(𝑛𝑔+1)
|]                             (6.10) 
 
where 𝐾 = (1 − 𝐴1)(1 − 𝛼) is the total loss factor of the sensor head, 𝐴1 is the 
transmission loss factor at the reflected surface due to surface imperfection or 
roughness and 𝛼 is the loss factor of the cavity caused by diffraction of the 
graphene diaphragm cavity. For this design, we ignored the surface 
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imperfections for simplicity of the model. The fringe contrast decreases with 
increase in temperature as showed in Figure 6.12.  
 
 
 
               
Figure 6.12 Fringe contrast with temperature variation from 1000 °C to 1050 
°C 
 
 
6.3.2 High pressure measurement based on FPI 
graphene on SiC substrate as the diaphragm 
Fringe visibility as one of the performance design parameters is also analysed. 
Figure 6.13 shows the fringe visibility as a function of different cavity lengths. 
As expected, the visibility of the reflected light decreases with increase in cavity 
length. The fringe visibility only drops about 15% from 100% to 85% when the 
cavity length increases from 0 − 50 𝜇𝑚 for the 50% reflectivity response. It can 
also be seen that the fringe visibility decreases more quicker as the cavity 
length becomes larger. In most practical applications, FPI sensors usually have 
cavity length less than 100 𝜇𝑚. For this design, the interference spectrum 
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exhibits a fringe visibility of approximately 70 % with a diaphragm diameter of 
125 𝜇𝑚 for a 59.67  𝜇𝑚 cavity length. The degradation of fringe visibility as a 
result of cavity length is acceptable in most applications.  
 
            
Figure 6.13 Fringe visibility as a function of cavity length for multilayer 
graphene. 
 
 
The interference characterisation and efficiency of the 16-layered graphene 
diaphragm had shown better perfomance when compared to others. The optical 
interference signal can be extracted when the FPI sensor is subjected to 
external pressure. However, the number of graphene layers will have effect on 
the pressure sensitivity.  
Figure 6.14 shows the result of centre deflection against applied external 
pressure. The sensitivity for the 16-layer graphene is approxiamtely 
2380 𝑛𝑚 𝑘𝑃𝑎−1. 
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For graphene diaphragm and radius of 12.5 𝜇𝑚 and 62.5 𝜇𝑚 respectively, the 
centre deflections against applied external pressures is shown in Figure 6.14(a) 
and Figure 6.14(b). To compare the sensitivity against applied pressures of few 
layer (2~5) graphene and multilayer graphene, the deflections of few layer 
graphene are included in the plots.  
Results show that the sensitivity increases as the diameter increases. It is also 
seen that the sensitivity of the multilayer graphene is much more than that of 
few layer (2~5). This suggests that ultra thin multilayer graphene on SiC 
substrate has the potential for monitoring oil and gas applications in harsh 
environment.  
                
 
(a) 
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(b) 
Figure 6.14 Centre deflection of graphene diaphragm with different thickness 
and applied pressure (a) r = 12.5 𝜇𝑚 (b) r= 62.5 𝜇𝑚 
6.4 Summary 
In summary, the theoretical design and analysis of high pressure high 
temperature fibre optic based sensor was developed and characterised. The 
initial preliminary characterisation of this sensor for harsh environment using 
a dual sensing approach with glass capillary and aluminium as the coating 
elements did not produce a desirable results. This was expected as the sensor 
became inherently fragile when exposed to extreme harsh environments. To 
overcome this challenge, a technique for protecting the fibre optic sensor when 
exposed to harsh environment and also has the ability to minimise the effect 
of cross sensitivity was also studied. However, when the coated metal sensor 
was simulated in harsh environmental conditions beyond a certain limit, the 
linear structural properties and the characterization of the sensor start to 
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decrease. To further address this issue, a parametric analysis was theoretically 
conducted to study the applicability of ultra-thin multilayer graphene on SiC 
substrate with strong adhesion, good mechanical strength and thermal 
stability. The interference characteristics and optical reflection properties are 
simulated using the transfer matrix model. A 59.67 µ𝑚 cavity length FPI sensor 
with 16-layer graphene was designed. The theoretical analysis shows that; 
The proposed sensor exhibits excellent temperature response measuring upto 
1050 °𝐶 with good linearity and high sensitivity of 1.02 𝑛𝑚 °𝐶−1. The sensor 
exhibits a relatively linear response between deflections of the graphene 
diaphragm and the external applied pressure in the range of 0 − 5000 𝑘𝑃𝑎 with 
ultra-high pressure sensitivity of 2380 𝑛𝑚 𝑘𝑃𝑎−1 for a 125 𝜇𝑚 diameter 16-layer 
graphene deposited on SiC substrate. The sensitivity of multilayer graphene 
diaphragm is more than that of few layer graphene due to the thickness. The 
diaphragm thickness is a very critical parameter to the reflectivity and 
additional layers improved the reflectivity. This sensor may have potential for 
monitoring oil and gas applications in harsh environments. 
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Chapter 7 
7 Conclusions and recommendations for future 
work 
7.1 Introduction 
The work contained in this research was carried out to meet the recent 
increasing needs for optical fibre based pressure and temperature sensors 
capable of operating accurately and reliably in harsh environments, specifically 
for oil and gas applications. The main aim of this research was the design and 
analysis of optical sensing systems which could be applied in addressing the 
cross sensitivity problem that may exist in FBG for high pressure high 
temperature measurements in oil and gas applications. To effectively address 
this issue, various sensing design configurations and material selection were 
considered.  
This chapter offers the final conclusions of this research, with assessment and 
analysis of the design system provided. Finally, possible improvement and 
recommendations for direction of future work are provided. 
7.2 Conclusions 
The purpose of this research was to design and analyse appropriate optical 
sensing systems which could be applied in addressing the cross sensitivity 
problem that may exist in FBG for high pressure high temperature 
measurements in oil and gas applications. Modelling, simulation and 
characterization of the Bragg grating which are based on solving the CMT 
equation by using the transfer matrix method were carried out. The theoretical 
models of the cross sensitivity function of FBG and it physical mechanism was 
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developed and analysed. The interaction of the physical parameters and light 
wave properties pose a serious cross sensitivity challenge on the reliability of 
FBG sensor. It was concluded that the interactions between the physical 
properties of FBG and cross sensitivity depict that the cross sensitivity would 
change widely when external perturbations and fibre materials effects are very 
large. Different sensing design configurations and analysis were utilised to 
address the cross sensitivity problem.  
A multiplexed FBG/EFPI sensor for simultaneous measurement of temperature 
and pressure is designed and developed. Analysis of the spectral 
characterizations (basic sensor system configuration, finesse, fringe visibility, 
sensor mechanical analysis which includes diaphragm deflection, frequency 
response and stress distribution) were presented and a de-multiplexing 
mathematical model for the multiplexed sensor was proposed. This 
configuration is used to eliminate the issue of temperature-pressure cross-
sensitivity and effectively improve the resolution of the sensor system. 
Experimental results show good linearity between the Bragg wavelength shift 
and the physical parameters (temperature and pressure), high sensitivity and 
high accuracy. Moreover, the major limitation to this hybrid sensing 
configuration was due to the fact that the glass capillary and the aluminium 
material used for the sensor coating have inherent fragility when the external 
parameters exceed beyond certain limit and also allowed the independent 
measurement of pressure and temperature. 
To overcome these challenges, a novel technique for protecting the fibre when 
exposed to HPHT environments while still have the capacity to minimise the 
effect of cross sensitivity of the sensor was investigated. 
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The theoretical design and analysis of a double metal coated hybrid sensing 
system of FBG/EFPI cavity for HPHT measurement in harsh environments was 
carried out. The FBG is coated with outer protective layer of copper and inner 
layer of nickel, while the EFPI pressure sensor has an all SiC diaphragm with 
1 𝑚𝑚 radius, thickness of 40 𝜇𝑚 and cavity length of 30 𝜇𝑚. This technique 
increases the measurement sensitivity of the sensor with respect to the 
wavelength shift peak when compared to the results obtained for the direct 
load on the glass capillary and aluminium material on the sensing configuration 
in section 4.6. The designed sensor has the capability of measuring 
temperature and pressure between the ranges of 100 − 1000 ℃ and 0 − 5000 𝑘𝑃𝑎  
respectively. Simulated result shows that this novel double metal coated hybrid 
sensing system could increase temperature sensitivity from 13.95 𝑝𝑚 ℃−1 to 
23.89 𝑝𝑚 ℃−1  and measured pressure sensitivity up to 21 𝜇𝑚 𝑘𝑃𝑎−1. 
A novel thin-film fibre optic FBG/EFPI sensor with ultra-high pressure and 
temperature sensitivities is theoretically analysed using 16-layer graphene film 
deposited on SiC substrate as the diaphragm. The performance parameters of 
the proposed sensor are investigated in terms of sensitivity at the operating 
wavelength of 1550 𝑛𝑚 and the proposed sensor exhibits excellent temperature 
response measuring upto 1050 °𝐶, an ultra-high pressure sensitivity of 
2380 𝑛𝑚 𝑘𝑃𝑎−1 and temperature sensitivity of 1.02 𝑛𝑚 °𝐶−1. 
 
7.3 Recommendations for future work 
In section 4.4, it was depicted that the developed sensor exhibited inherent 
fragility when exposed to extreme environmental conditions, which was mainly 
attributed to the glass capillary and the aluminium material used for the sensor 
coating. To augment for future performance of the sensor, the use of single 
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crystal sapphire fibre that will enable the sensor to withstand extremely harsh 
environment with temperature above  1000 ℃ and a dynamic pressure of above 
20000 𝑘𝑃𝑎 should be investigated. Single crystal sapphire fibre sensor has the 
capability to withstand temperature up to 2000 ℃ without significant 
performance degradation due to it high melting point of 2040 ℃, high hardness 
and resistance to corrosion. Further study could carefully explore the potentials 
of using single crystal sapphire as the coating material for future optimisation 
of the sensor. 
 
Also, apart from the two-point peak wavelength interrogation method 
considered in this research, future study investigating other sensor signal 
processing and interrogation techniques should be carried.  
As demonstrated in chapter 5, the FBG is coated with outer protective layer of 
copper and inner layer of nickel, while the EFPI pressure sensor has an all SiC 
diaphragm. Other combination of coating materials should be investigated. 
Further research should be undertaken to explore other miniaturised thin-film 
fibre optic sensors. Example of such miniaturised thin-film is the possibility of 
combing graphene and sapphire. This will involve depositing multilayer 
graphene on sapphire fibre tip to form a prototype sensor. The ultra-
miniaturised size have the potentials of making such sensors a strong candidate 
for embedded sensor in oil and gas sensing applications in extreme harsh 
environments. 
This research was mainly based on theoretical analysis and designs, which 
could have had some impact in the design parameters, performance 
parameters and results of the sensors based on the assumptions made and 
boundary conditions considered. In order to validate the results and 
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performance of the sensor, further laboratory experiment should be carried 
out.  
The downhole optical sensing data is a promising resource for real time 
downhole monitoring in the oil and gas industry. However, the utilization of 
these data is still a major challenge due to the noise and the volume of data 
gathered within a short time. Further study in applying machine learning 
algorithms to reveal the relationship between the pressure and temperature 
histories from the sensing data and hence extract the appropriate downhole 
reservoir model should be investigated.  
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Appendix A  
A The Coupled Mode Theory (CMT) 
The CMT is a very important mathematical tool in describing the behaviour of 
Bragg gratings by analysing the wave propagation and interactions in optical 
waveguide. It aims to solve the Maxwell’s equation for a perturbed waveguide 
when the electric field 𝐸𝑖 can be expressed as the expansion of ideal modes of 
various summations. They include the transverse field distribution associated 
with the 𝜇-th guided mode ℰ0 and the amplitude term 𝐴. Also the radiative 
modes 𝐻𝐸 and 𝐸𝐻  define the transversal field distribution. The generalised 
for of the CMT is expressed as; 
𝐸𝑡 =  
1
2
∑[𝐴𝜇(𝑧)ℰ𝜇,𝑡𝑒
𝑖(𝜔𝑡−𝛽𝜇(𝑧))] + ∑ ∫ 𝐴𝜌(𝑧)ℰ𝜌,𝑡𝑒
𝑖(𝜔𝑡−𝛽𝜌(𝑧))𝑑𝜌
∞
𝜌=0
𝑙
𝜇=1
                                 (𝐴 − 1) 
 
the modes satisfy the unperturbed waveguide equation; 
 
∇2𝐸 =  𝜇0𝜖0
𝜕2𝐸
𝜕𝑡2
+  𝜇0
𝜕2𝑃
𝜕𝑡2
                                                                                                                (𝐴 − 2) 
 
The effect of the grating in the perturbed system must be included in the 
perturbation effect for us to effectively derive the equation of the coupled 
modes. The polarization vector is expressed as; 
 
𝑃 =  𝑃𝑢𝑛𝑝𝑒𝑟𝑡𝑢𝑟𝑏𝑒𝑑 +  𝑃𝑔𝑟𝑎𝑡𝑖𝑛𝑔                                                                                                             (𝐴 − 3) 
where  
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𝑃 =  𝑃𝑢𝑛𝑝𝑒𝑟𝑡𝑢𝑟𝑏𝑒𝑑 = 𝜖0𝜒
(𝑖)𝐸𝜇                                                                                                              (𝐴 − 4) 
 
(𝐴 − 2) is then expressed as; 
 
 ∇2𝐸 =  𝜇0𝜖0𝜖𝑟
𝜕2
𝜕𝑡2
𝐸𝜇,𝑡 +  𝜇0
𝜕2
𝜕𝑡2
𝑃𝑔𝑟𝑎𝑡𝑖𝑛𝑔,𝜇                                                                                      (𝐴 − 5) 
 
Substituting equation (𝐴 − 1) into (𝐴 − 5), the unperturbed wave equation 
becomes; 
 
∇2  [
1
2
∑ [𝐴𝜇(𝑧)ℰ𝜇,𝑡𝑒
𝑖(𝜔𝑡−𝛽𝜇(𝑧))] + ∑ ∫ 𝐴𝜌(𝑧)ℰ𝜌,𝑡𝑒
𝑖(𝜔𝑡−𝛽𝜌(𝑧))𝑑𝜌
∞
𝜌=0
𝑙
𝜇=1
]
+  
1
2
∑ [𝐴𝜇(𝑧)ℰ𝜇,𝑡𝑒
𝑖(𝜔𝑡−𝛽𝜇(𝑧))] +  𝜇0𝜖0𝜖𝑟
𝜕2
𝜕𝑡2
[∑ ∫ 𝐴𝜌(𝑧)ℰ𝜌,𝑡𝑒
𝑖(𝜔𝑡−𝛽𝜌(𝑧))𝑑𝜌
∞
𝜌=0
]
𝑙
𝜇=1
= 𝜇0
𝜕2
𝜕𝑡2
𝑃𝑔𝑟𝑎𝑡𝑖𝑛𝑔,𝜇                                                                                                                                  (𝐴 − 6) 
 
When the coupling with radiative modes is neglected, the unperturbed wave 
equation becomes; 
 
∇2  [
1
2
∑ [𝐴𝜇(𝑧)ℰ𝜇,𝑡𝑒
𝑖(𝜔𝑡−𝛽𝜇(𝑧))]
𝑙
𝜇=1
] + 𝜇0𝜖0𝜖𝑟
𝜕2
𝜕𝑡2
[∑ ∫ 𝐴𝜌(𝑧)ℰ𝜌,𝑡𝑒
𝑖(𝜔𝑡−𝛽𝜌(𝑧))𝑑𝜌
∞
𝜌=0
]  
= 𝜇0
𝜕2
𝜕𝑡2
𝑃𝑔𝑟𝑎𝑡𝑖𝑛𝑔,𝜇                                                                                                                                  (𝐴 − 7) 
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The left term of (𝐴 − 7) shows the modal expansion of the transversal field 
distribution 𝐸𝑡 without the radiative contribution and this justify the 
unperturbed waveguide equation expressed as; 
 
∇𝑡
2𝐸𝑡 −  𝜇0𝜖0𝜖𝑟
𝜕2
𝜕𝑡2
𝐸𝑡 = 0                                                                                                                   (𝐴 − 8) 
 
The Laplacian operator in (𝐴 − 8) can be decomposed into transversal and 
longitudinal terms as; 
 
∇2=  ∇𝑡
2 +  
𝜕2
𝜕𝑧2
                                                                                                                                       (𝐴 − 9) 
 
Substituting (𝐴 − 9) and (𝐴 − 8) into (𝐴 − 7), the expression becomes; 
 
𝜕2
𝜕𝑧2
[
1
2
∑ [𝐴𝜇(𝑧)ℰ𝜇,𝑡𝑒
𝑖(𝜔𝑡−𝛽𝜇(𝑧))]
𝑙
𝜇=1
] = 𝜇0
𝜕2
𝜕𝑡2
𝑃𝑔𝑟𝑎𝑡𝑖𝑛𝑔,𝜇                                                          (𝐴 − 10)  
 
The product of the exponential and the amplitude 𝐴𝜇 in (𝐴 − 10) can further be 
derived as; 
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𝜕2
𝜕𝑧2
[
1
2
∑ [𝐴𝜇(𝑧)ℰ𝜇,𝑡𝑒
𝑖(𝜔𝑡−𝛽𝜇(𝑧))]
𝑙
𝜇=1
]
=  
𝜕
𝜕𝑧
[
1
2
∑ [
𝜕𝐴𝜇(𝑧)
𝜕𝑧
ℰ𝜇,𝑡𝑒
𝑖(𝜔𝑡−𝛽𝜇(𝑧))]
𝑙
𝜇=1
]  
+  
𝜕
𝜕𝑧
[
1
2
∑ [(−𝛽𝜇)𝐴𝜇(𝑧)ℰ𝜇,𝑡𝑒
𝑖(𝜔𝑡−𝛽𝜇(𝑧))]
𝑙
𝜇=1
]
=
1
2
∑ [
𝜕𝐴𝜇(𝑧)
𝜕𝑧2
ℰ𝜇,𝑡𝑒
𝑖(𝜔𝑡−𝛽𝜇(𝑧))]
𝑙
𝜇=1
+  
1
2
∑(−𝛽𝜇) [
𝜕2𝐴𝜇(𝑧)
𝜕𝑧2
ℰ𝜇,𝑡𝑒
𝑖(𝜔𝑡−𝛽𝜇(𝑧))]
𝑙
𝜇=1
+
1
2
∑(−𝛽𝜇) [
𝜕2𝐴𝜇(𝑧)
𝜕𝑧2
ℰ𝜇,𝑡𝑒
𝑖(𝜔𝑡−𝛽𝜇(𝑧))]
𝑙
𝜇=1
+
1
2
∑ (−𝛽2𝜇) [𝐴𝜇(𝑧)ℰ𝜇,𝑡𝑒
𝑖(𝜔𝑡−𝛽𝜇(𝑧))]
𝑙
𝜇=1
                                                        (𝐴 − 11) 
=  
1
2
∑ [
𝜕𝐴𝑚𝑢(𝑧)
𝜕𝑧2
ℰ𝜇,𝑡𝑒
𝑖(𝜔𝑡−𝛽𝜇(𝑧))]
𝑙
𝜇=1
+
1
2
∑(−2𝑖𝛽𝜇) [
𝜕2𝐴𝑚𝑢(𝑧)
𝜕𝑧2
ℰ𝜇,𝑡𝑒
𝑖(𝜔𝑡−𝛽𝜇(𝑧))]
𝑙
𝜇=1
+
1
2
∑ (−𝛽2𝜇) [𝐴𝜇(𝑧)ℰ𝜇,𝑡𝑒
𝑖(𝜔𝑡−𝛽𝜇(𝑧))]
𝑙
𝜇=1
                                                        (𝐴 − 12) 
 
By applying the Slowly Varying Envelope Approximation (SVEA) and grouping 
the terms in (𝐴 − 12), the expression becomes; 
 
∇2𝐸𝑡 =
1
2
∑ [(−2𝑖𝛽𝜇)
𝜕𝐴𝜇(𝑧)
𝜕𝑧
ℰ𝜇,𝑡𝑒
𝑖(𝜔𝑡−𝛽𝜇(𝑧)) − 𝛽𝜇
2 𝐴𝜇(𝑧)ℰ𝜇,𝑡𝑒
𝑖(𝜔𝑡−𝛽𝜇(𝑧))]                 (𝐴 − 13)
𝑙
𝜇=1
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By expanding the second term in (𝐴 − 13), the wave equation becomes; 
 
∑ [(−𝑖𝛽𝜇)
𝜕𝐴𝜇(𝑧)
𝜕𝑧
ℰ𝜇,𝑡𝑒
𝑖(𝜔𝑡−𝛽𝜇(𝑧))] =    𝜇0
𝜕2
𝜕𝑡2
𝑃𝑔𝑟𝑎𝑡𝑖𝑛𝑔,𝑡                                                     (𝐴 − 14)
𝑙
𝜇=1
 
  
The subscript 𝑡 indicates that 𝑃𝑔𝑟𝑎𝑡𝑖𝑛𝑔,𝑡 has a transversal profile. Multiplying ℰ𝜇
∗ 
to both terms of (𝐴 − 14) and carrying out integration on the transversal 
section of the waveguide, we obtain; 
 
∑ ∫ ∫ [(−𝑖𝛽𝜇)
𝜕𝐴𝜇(𝑧)
𝜕𝑧
ℰ𝜇,𝑡ℰ𝜇
∗𝑒𝑖(𝜔𝑡−𝛽𝜇
(𝑧))] 𝑑𝑥𝑑𝑦
+∞
−∞
+∞
−∞
𝑙
𝜇=1
=   ∫ ∫  𝜇0
𝜕2
𝜕𝑡2
𝑃𝑔𝑟𝑎𝑡𝑖𝑛𝑔,𝑡
+∞
−∞
ℰ𝜇
∗𝑑𝑥𝑑𝑦 
+∞
−∞
                                                         (𝐴 − 15) 
 
By applying orthogonality relation, (𝐴 − 15) becomes; 
∑ [(−2𝑖𝜔𝜇0)
𝜕𝐴𝜇(𝑧)
𝜕𝑧
ℰ𝜇,𝑡𝑒
𝑖(𝜔𝑡−𝛽𝜇(𝑧))]
𝑙
𝜇=1
=    ∫ ∫  𝜇0
𝜕2
𝜕𝑡2
𝑃𝑔𝑟𝑎𝑡𝑖𝑛𝑔,𝑡
+∞
−∞
ℰ𝜇,𝑡
∗  
+∞
−∞
                                                                (𝐴 − 16) 
 
(𝐴 − 16) describes different mode coupling techniques, it is applied to both 
progressive and regressive waves. The equation can be rewritten as; 
𝐸𝑡 =  (𝐴𝑣(𝑧)ℰ𝑣,𝑡𝑒
𝑖(𝜔𝑡−𝛽𝜇(𝑧)) +  𝐵𝑣(𝑧)ℰ𝑣,𝑡𝑒
𝑖(𝜔𝑡+𝛽𝜇(𝑧)))                                                          (𝐴 − 17) 
 
𝛨𝑡 =  (𝐴𝑣(𝑧)ℋ𝑣,𝑡𝑒
𝑖(𝜔𝑡−𝛽𝜇(𝑧))  −  𝐵𝑣(𝑧)ℋ𝑣,𝑡𝑒
𝑖(𝜔𝑡+𝛽𝜇(𝑧)))                                                      (𝐴 − 18) 
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The progressive mode carries the positive exponent sign while the regressive 
mode carries the positive exponent sign. Substituting (𝐴 − 17) and (𝐴 − 17) 
into (𝐴 − 16), we obtain; 
 
[
𝜕𝐴𝑣(𝑧)
𝜕𝑧
𝑒𝑖(𝜔𝑡−𝛽𝜇
(𝑧))] −  [
𝜕𝐵𝜇(𝑧)
𝜕𝑧
𝑒𝑖(𝜔𝑡−𝛽𝜇
(𝑧))] =  
𝑖
2𝜔
∫ ∫  𝜇0
𝜕2
𝜕𝑡2
𝑃𝑔𝑟𝑎𝑡𝑖𝑛𝑔,𝑡
+∞
−∞
ℰ𝜇,𝑡
∗  
+∞
−∞
(𝐴 − 19) 
 
(𝐴 − 19) plays an important role in CMT. 
When the dielectric constant 𝜖 periodically changes along the propagation 
direction in a material medium, the polarization can be defined by means of 
perturbed permittivity given as; 
𝑃 =  𝜖0[𝜖𝑟 − 1 + ∆𝜖(𝑧)]𝐸𝜇                                                                                                                (𝐴 − 20) 
The terms in the bracket are equivalent to 𝜒(𝑖) in the polarization expression 
given in (𝐴 − 4). 𝜖𝑟 is the permittivity of the unperturbed medium. Recall that 
in Physics, the relationship between the refractive index 𝑛 and the 
permittivity in a medium can be express as 𝑛2 =  𝜖𝑟, this means that we can 
express; 
 
[𝑛 + 𝜕𝑛(𝑧)]2 = 𝜖𝑟 + ∆𝜖(𝑧)                                                                                                               (𝐴 − 21) 
 
𝑛2 + 𝜕𝑛(𝑧)2 2𝑛𝜕𝑛(𝑧)
=  𝜖𝑟 + ∆𝜖(𝑧)                                                                                              (𝐴 − 22) 
 
Assuming the perturbation intensity 𝜕𝑛(𝑧) is very small with respect to the 
refractive index 𝑛, we obtain; 
 
∆𝜖(𝑧) ≈ 2𝑛𝜕𝑛(𝑧)                                                                                                                                 (𝐴 − 23) 
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The refractive index modulation is then given as; 
 
𝜕𝑛(𝑧)  =  ∆𝑛 {1 +
𝑣
2
(𝑒1[(
2𝜋𝑁
𝛬⁄ )𝑧 + 𝜑(𝑧)])} 𝐸𝜇                                                                                (𝐴
− 24) 
 
Where ∆𝑛 is the average value of the refractive index variation of the fibre 
core. 𝑣 is the fringe visibility and 𝜑(𝑧) is the pahse term.  
 
From (𝐴 − 19),  
 
[
𝜕𝐴𝑣(𝑧)
𝜕𝑧
𝑒𝑖(𝜔𝑡−𝛽𝜇
(𝑧))] −  [
𝜕𝐵𝜇(𝑧)
𝜕𝑧
𝑒𝑖(𝜔𝑡−𝛽𝜇
(𝑧))] =  
𝑖𝜖0
2𝜔
∫ ∫  
𝜕2
𝜕𝑡2
+∞
−∞
𝜕𝑛(𝑧) [𝐴𝑣(𝑧)ℰ𝑣,𝑡𝑒
𝑖(𝜔𝑡−𝛽𝜇(𝑧)) +
+∞
−∞
 𝐵𝑣(𝑧)ℰ𝑣,𝑡𝑒
𝑖(𝜔𝑡+𝛽𝜇(𝑧))] ℰ𝜇,𝑣,𝑡
∗ 𝑑𝑥𝑑𝑦 =  − 𝑖𝑛𝜔 𝜖0𝐴𝑣 ∫ ∫ [∆𝑛 +
+∞
−∞
+∞
−∞
∆𝑛
2
(𝑒1[(
2𝜋𝑁
∆⁄ )𝑧 + 𝜑(𝑧)])] ℰ𝜇,𝑣,𝑡  𝑒
𝑖(𝜔𝑡−𝛽𝜇(𝑧))ℰ𝜇,𝑣,𝑡
∗ 𝑑𝑥𝑑𝑦  +                                                         (𝐴 − 25)  
− 𝑖𝑛𝜔 𝜖0𝐵𝜇 ∫ ∫ [∆𝑛 +
∆𝑛
2
(𝑒1[(
2𝜋𝑁
∆⁄ )𝑧 + 𝜑(𝑧)])] ℰ𝜇,𝑣,𝑡
+∞
−∞
 𝑒𝑖(𝜔𝑡−𝛽𝜇
(𝑧))ℰ𝜇,𝑣,𝑡
∗ 𝑑𝑥𝑑𝑦
+∞
−∞
   
 
The LHS of (𝐴 − 25) shows the variation rate of 𝐴𝑣 and 𝐵𝜇 which are 
determined by the modal order 𝜇 and 𝑣 of the dielectric field. The RHS of the 
equation has two components 𝐴 and 𝐵  for both modes.  
 
𝑅𝐻𝑆 = − 𝑖𝑛𝜔 𝜖0𝐵𝜇𝑒
𝑖(𝜔𝑡−𝛽𝜇(𝑧)) ∫ ∫ ∆𝑛 ℰ𝜇,𝑡
+∞
−∞
 ℰ𝜇,𝑡
∗ 𝑑𝑥𝑑𝑦
+∞
−∞
 − 
= − 𝑖𝑛𝜔 𝜖0𝐴𝑣𝑒
𝑖(𝜔𝑡+𝛽𝜇(𝑧)+𝜑(𝑧)) ∫ ∫
∆𝑛
2
ℰ𝑣,𝑡
+∞
−∞
 ℰ𝜇,𝑡
∗ 𝑑𝑥𝑑𝑦
+∞
−∞
                    (𝐴 − 26) 
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Multiplying both sides with 𝑒𝑖(𝜔𝑡−𝛽𝜇
(𝑧))
 gives; 
𝜕𝐵𝜇
𝜕𝑧
=  𝑖𝑘𝑑𝑐𝛽𝜇 +  𝑖𝑘𝑎𝑐𝐴 − 𝑣𝑒
−𝑖(∆𝛽𝑧− 𝜑(𝑧))                                                                                    (𝐴 − 27) 
 
Where ∆𝛽 is defined as; 
 
∆𝛽 = 𝛽𝜇 +  𝛽𝑣 −  
2𝜋𝑁
𝛬
                                                                                                                       (𝐴 − 28) 
 
𝑘𝑑𝑐 is the continuous coupling constant defined as; 
 
𝑘𝑑𝑐 = 𝑛𝜔 𝜖0 ∫ ∫ ∆𝑛ℰ𝑢,𝑡
+∞
−∞
 ℰ𝜇,𝑡
∗ 𝑑𝑥𝑑𝑦
+∞
−∞
                                                                                      (𝐴 − 29) 
 
𝑘𝑎𝑐 is the alternate coupling constant defined as; 
 
𝑘𝑎𝑐 = 𝑛𝜔 𝜖0 ∫ ∫
∆𝑛
2
ℰ𝑣,𝑡
+∞
−∞
 ℰ𝜇,𝑡
∗ 𝑑𝑥𝑑𝑦
+∞
−∞
=  
𝑣
2
𝑘𝑑𝑐                                                                      (𝐴 − 30) 
 
Finally, in solving the problem of FBG using the CMT, the progressive mode 
and the regressive mode are renamed as the 𝑅𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒 and 𝑆𝑖𝑔𝑛𝑎l 
respectively.  
𝑅 = 𝐴𝑣𝑒
(−𝑖 2⁄ )(∆𝛽𝑧− 𝜑(𝑧))                                                                                                                     (𝐴 − 31) 
𝑆 = 𝐵𝜇𝑒
(−𝑖 2⁄ )(∆𝛽𝑧− 𝜑(𝑧))                                                                                                                     (𝐴 − 32) 
Taking the derivative of (𝐴 − 31) and (𝐴 − 32) gives the following expression; 
𝑑𝑅
𝑑𝑧
+ 𝑖 [𝑘𝑑𝑐 +  
1
2
(∆𝛽 −  
𝑑𝜑(𝑧)
𝑑𝑧
)] 𝑅 =  −𝑖𝑘𝑎𝑐
∗ 𝑆                                                                            (𝐴 − 33) 
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𝑑𝑅
𝑑𝑧
− 𝑖 [𝑘𝑑𝑐 +  
1
2
(∆𝛽 −  
𝑑𝜑(𝑧)
𝑑𝑧
)] 𝑆 =  𝑖𝑘𝑎𝑐
∗ 𝑅                                                                               (𝐴 − 34) 
𝑆(0)
𝑅(0)
=  
−𝑘𝑎𝑐 sinh(𝛼𝐿)
𝜕 sinh(𝛼𝐿) − 𝑖𝛼 cosh(𝛼𝐿)
                                                                                                (𝐴 − 35) 
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